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ABSTRACT

J2/47
The report describes the design, development, and test of a
new type of low speed, high torque motor designed for manipu-
lating the control drums of nuclear rocket engines similar to
NERVA. The motor consists of a pair of bevel gears with an
unequal number of teeth. Rotational output is obtained from
nutational motion of the input gear driven by pressurized bellows
located around its periphery. Flow to the bellows is commutated
by vortex amplifiers operating in a closed loop logic sequence.
The pneumatic logic circuit operates without moving mechanical

parts. % 7/t
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SUMMARY

The pneumatic nutator actuator provides a low speed high output torque device with a
minimum number of moving parts. The lack of high speed rotary components and mini-
mum volume under compression gives the concept design an inherently high reliability
and wide closed-loop frequency response. Since the basic actuator can be used as either
an analog or digital stepping motor, depending on the commutation circuit employed, the
concept provides a versatility which is unusual in pneumatic actuator design.

The development program performed under this contract successfully demonstrated the
feasibility of the pneumatic nutator actuator concept. The operation of the commutation
circuit demonstrates the ability of vortex type fluid amplifier to operate in a complex
combination of series and parallel logic sequence.

During the course of the program, unforeseen development problems were encountered
which could not be solved under the scope of the contract. The results obtained, how-
ever indicated the actuator's potential and gave an indication of the direction of effort
required to obtain the design performance.

ix/x



SECTION 1

INTRODUCTION

1.1 PROGRAM OBJECTIVE

The Pneumatic Nutator Actuator Motor was developed by Bendix Products
Aerospace Division under Contract NAS3-5214 for NASA-Lewis Research Center. The
purpose of the contract is to build and evaluate a pneumatic actuator motor for control
of a nuclear reactor. The required performance specifications are listed in Para. 1.2.
The motor is of a different concept from the conventional gear, vane or piston type ac-
tuators. The logic circuits required to operate the motor have no moving parts and are
composed of fluid interaction (vortex type) devices.

1.2 SPECIFICATIONS

The actuator motor was designed to meet the following performance speci-

fications.
a. Working Fluid Hydrogen gas
b. Gas Temperature -350 to +300°F
c. Output shaft rotation  0to 180° £2°
d. Supply pressure 215 psia
Return pressure 50 psia

f. Minimum static output
torque 300 inch 1bs.

g. Minimum output torque
during 10° per second
output motion 200 inch lbs.

h. Minimum Output torque
during 40° per second
output motion 75 inch 1bs.

i. Linearity of static output
torque versus position for
constant differential input
pressure for analog actuator
motor +20% of full scale
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Saturated output velocity

Between 50 and 300 degrees/sec. for plus

and minus directions of rotation

k. Load inertia 95 1bm-in?
1. Load friction 0 to 32 inch-1bs.
m. Size (excluding output Fit within a cylindrical envelope
shaft) of 10" diameter by 18'" length.
Center line of output shaft must
be parallel to, and within 3" of
envelope-length center line.
n. Ambient temperature -400 to +300°F
0. Ambient pressure 0 to 15 psia
p. Gas pressure on actuator
motor output shaft 0 to 650 psia
q. Vibration 4 G amplitude from 0 to 100 cps;

20 G amplitude from 100 to 20,000
cps.

3 x 1011 fast neutrons/cm? sec.
1 x 1010 slow neutrons/cm?2 sec.

u. Neutron flux

s. Gamma heating 350 watts/Ib aluminum

The actuator motor design shall respond to scram mode operation. In the
scram mode, the output shaft shall return to the zero position within 0.5 second from the
time of initiation of either a scram command signal or loss of pneumatic supply pressure.
A so{c stop device shall be designed to prevent decelerations greater than 2000 radians/
sec.”, The soft stop rebound after scram shall be less than one-fourth of the initial
shaft angle.

For purposes of acceptance testing operation shall be demonstrated on

nitrogen and helium gases at room temperature conditions. Vibration, neutron flux
and gamma heating tests need not be performed.

1.3 ACTUATOR CONCEPT

In order to provide a low speed, high torque output, the actuator motor makes
use of the nutating gear concept to obtain a high gear reduction. The nutator transmission
consists of a pair of bevel gears. One gear is attached to the output shaft, and the other
is attached to the case through a pair of gimbal rings. The gimbal rings allow the input
gear to wobble or nutate, but not rotate.

If a force is applied at a point on the circumference of the input gear, the
gears will mesh along the pitch line of a single tooth. By moving the point of application
of the force around the circumference, the input gear will mesh consecutively with each
of the teeth in the output gear. If the output gear has one less tooth than the input gear,

1-2




the output will be displaced by one tooth for each complete nutation of the input gear.
Gear reductions between 50:1 to 200:1 can be accomplished in this manner by a single
pair of gears.

The force can be applied to the input gear by a number of electromagnetic
solenoids (for an electrical input) or by pressure force elements (bellows or pistons)
for a hydraulic or pneumatic input.

The pneumatic nutator actuator motor developed under this contract employs
eight bellows assemblies. Four of the bellows are pressurized at any given time. Nutation
is caused by increasing the pressure to the fifth bellows and simultaneously decreasing
the pressure in the first bellows. The actuator is shown schematically in Figure 1-1.

The actuator motor can be operafed as a digital stepping motor if the
appropriate commutation circuit is employed. For the actuator motor designed a pulse
input would cause an output step of 0.25 degree.

The commutation circuit developed is a proportional closed loop analog
design. The input is a pressure differential which results in an output torque proportional
in magnitude and direction to the input differential.

The position of the input nutating gear is indicated by a leaf spring attached
to the gear which covers a bleed hole in the actuator motor case (see schematic). Four
bleed holes are used, equally spaced around one-half of the circumference. Each bleed
hole is a downstream variable restrictor of two restrictors in series. The intermediate
pressures obtained are therefore an indication of the input gear position.

Four of the eight bellows are pressurized at any given time. The four
bellows pressurized will cause the nutating gear to assume a given position. The resul-
tant change in pickoff pressures will cause the fifth bellows to become pressurized and
the first bellows to reduce in pressure. As the gear moves under the pressure forces,
the pickoff pressures will again change, resulting in a further change in bellows pressure.
The commutation is therefore similar to a conventional electric motor, except that the
action is proportional.

The nutator actuator has a number of desirable features which make it
superior to a conventional actuator, particularly where extreme environmental conditions
exist. These advantages may be outlined as follows:

(a) Minimum number of moving parts. The only rotary motion is in the slow moving
output gear and shaft. Only two bearings are employed in the entire actuator. The input
motion is a nutation motion with a small axial movement.

(b) High speed of response. Since there are no high speed rotating components, the
input inertia is low. This allows a rapid reversal of direction to a step command.

(c) Automatic declutch. If the pressure to the bellows is nulled, the spring rate of
the bellows will cause the nutating gear to disengage and lie in a plane parallel to the
output gear. The output shaft is then free of the input. A spiral preloaded spring will
then drive the output shaft to the zero angle position. A small brake drum and torque tube

1-3
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Figure 1-1. Pneumatic Nutating Actuator Motor

absorb the energy of impact. This scram feature, which is mandatory in nuclear reactor
control, is inherent in the nutator actuator design.

(d) Fail safe features. The most critical component in the actuator is the pres-
sure force elements, A bellows failure will not cause a seizure but only a reduction in
output torque. Multiple bellows failure will result in disengagement of the gears, and a
scram to zero will occur.

The design and testing performed on the mechanical components of the
actuator are described in Section II. The development of the fluid control commutation
circuit is given in Section III. The performance obtained from the complete actuator
motor is discussed in Section IV. Section V discusses a comparison of the nutator
actuator and conventional vane, piston and gear motor actuators. The actuator perfor-
mance is summarized in Section VI with recommendations for improving and optimizing the
actuator configuration. Component design calculations are given in Appendix A.
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SECTION II

DESIGN AND TEST OF MECHANICAL COMPONENTS

2.1 DESIGN APPROACH

The design and material requirements of the critical components of the
actuator motor are described below.

2.1.1 Gears

The gears designed for this application are based on principles used to de-
sign gears for nutator transmissions manufactured by Bendix over the past four years.
They are a straight-flank bevel design and, in this case, have a cone angle of 140 degrees.
The input gear has 181 teeth and the output gear 180 teeth, resulting in a reduction ratio
of 180:1. Both gears are made of AMS 5643 heat treated to Rockwell C 35-42. The teeth
are treated with 76 x 10-4 to 178 x 10~4 mm (0.0003-0.0007 in) thick coating of Hi-T-Lube,
which is a dry lubrication process applied by the General Magnaplate Corporation. Of the
many nutator transmissions built to date, all gears and bearings have used this lubrica-
tion. No gear or bearing failure has occurred during normal operational testing and some
customer units have accumulated over 200 hours of operation.

To permit its nutation, the input gear is supported by a gimbal mounting in-
corporating four Bendix ""Free-Flex" frictionless pivots. This arrangement provides
axial rigidity while allowing the input gear to nutate freely with no ""play" or waste motion
at the pivot points. The input gear and gimbal ring assembly are shown in Figures 2-1
and 2-2.

2.1.2 Bearings

For the past six years, Bendix has supported an intensive test program to
develop bearing materials which have a long operating life in extreme environments.
Tests conducted by the Research Laboratories and Products Aerospace Divisions have
utilized a Bendix' designed, rolling contact bearing test machine which has an ambient
temé)erature capability of 56°K to 1470°K (-360°F to 2180°F) and a pressure range from
10-Y mm Hg to 800 mm Hg with a variety of ambient gases. In addition, various dry-film
lubricants for use in bearings have been tested in cryogenic environments resulting in the
selection of two similar lubrication methods which produce excellent results,



Figure 2-1. Input Gear and Gimbal Ring - Front View

Figure 2-2. Input Gear and Gimbal Ring - Rear View
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With the first method, the bearing balls and races are made of Type 440C
stainless steel. The ribbon-type ball separators are made of Type 300 series stainless
steel and coated with Hi-T-Lube. In operation, the balls transfer the dry film material
from the separators to the races to provide a lubricating film.

The second method again uses bearings containing Type 440C stainless steel
balls and races with ball separators made of DuPont's SP-1 Polymer. Bearing action
transfers the SP-1 material to the metal parts of the bearing to provide a lubricating
film. Comparative tests indicate that in a hydrogen atmosphere this method is slightly
superior to the Hi-T-Lube method with respect to bearing life. However, either lubri-
cating method will be satisfactory and result in a device which can meet specification
requirements. Choice of material depends to some extent upon bearing size and ease of
manufacture of the ball separators.

Pertaining to the bearings for the actuator motor, only two ball bearings
are used. Angular contact type bearings have been selected. These bearings axially
locate the output shaft, absorb the thrust load caused by the gear separating force and
absorb the pressure force created by the dynamic shaft seal. The selection of bearing
size was based on the maximum bearing load, the mean effective speed, and a B-10 cata-
log life based on at least ten times the desired life of the actuator. Experience has shown
that this method of derating provides satisfactory results.

2.1.3 Scram Mechanism

The pneumatic pressure to the actuator may be interrupted due to a failure
or by a scram command signal. This interruption automatically disengages the transmis-
sion and the load inertia becomes free-wheeling. A spiral spring preloaded to the output
shaft ensures the required scram action. A schematic drawing of the scram system is
shown in Figure 2-3 and a summary of scram characteristics based on a constant dynamic
load friction of -37 m kg (32 inch-pounds) is shown in the table below. This scram con-
cept has been used by Bendix on previous projects with environments of nitrogen and
hydrogen gas and a temperature range from 110°K to 650°K (-260°F to +650°F). The
spring material and operating stress level are based upon this past experience. Bendix
Engineering Specification CNPD-188, which covers the scram spring, is included in
Appendix C.

SCRAM CHARACTERISTICS

Maximum Scram Time 0.21 second

Maximum Impact Velocity 21.7 radian/second

Spring Size (Approximately) 1.32 x 31.8 mm (0.052 x 1.25 in.)
cross section (11 turns)

Spiral Spring Rate .046m kg/rad (4 in. 1bs./radian)

Preload .58m kg (50 in. lbs.) (at zero)
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Figure 2-3. Scram System - Schematic

2.1.4 Snubbing Mechanism

A snubbing device is required to ensure that the deceleration on completion
of scram action is less than 2000 radians/second. The snubbing action is designed to
take place during the 15-degree to zero-degree portion of output shaft travel.

A lever, keyed to the output shaft, engages a small brake drum, which is
attached to the actuator housing through a torsion bar. The mechanism is designed so
that the torsion bar will store a portion of the kinetic energy, allowing the output shaft
to return to the 15-degree position under all conditions. The brake will dissipate the re-
maining kinetic energy to prevent excessive rebound.

SNUBBER DESIGN DATA

Impact Velocity 2.17 radians/second
Kinetic Energy at Impact (Maximum)* 1.05m kg (91 inch-pounds)
Kinetic Energy Absorbed by Brake (Maximum)* 43m kg (37 inch-pounds)
Kinetic Energy Absorbed by Torsion

Bar (Maximum)* .62m kg (54 inch-pounds)

* Based on a release position at 150° from impact with brake.
In addition to the stop at the 15-degree position, the brake is also designed
to engage at the 165-degree position to prevent actuator damage due to an inadvertent

overtravel command. The mounting plate containing the pressure elements and snubber
mechanism is shown in Figure 2-4.
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Figure 2-4. Mounting Plate Containing Pressure Elements
And Snubber Mechanism

2.1.5 Dynamic Shaft Seal

The dynamic shaft seal selected for this application is a face-type seal
utilizing 2 welded metal bellows to maintain contact between the face of the seal and a
specially prepared surface on the output shaft.

In the design and construction of this type of seal, two goals are desired;
a low leakage rate and a low operating torque. If sufficient bellows spring force is
utilized to obtain near zero leakage, the torque required to overcome the friction will
rise to an unacceptable level. In similar programs, a design goal of .00045 kg/sec.
(0.001 1b./sec.) of gaseous Hy leakage and .173m kg(15 inch-pounds) of torque was es-
tablished as the maximum acceptable limit for all specified gas temperatures and pres-
sures.

The seal is installed into the actuator, so that the pressure load is supported
by the flanged portion of the housing. Leakage around the seal case is prevented by using
a static seal. The seal can be installed or removed from the actuator without disturbing
other components. This arrangement greatly facilitates initial installation adjustments,
test inspections, and seal replacement.

A typical bellows-type face seal is shown in Figure 2-5. This seal consists
of a welded Inconel X bellows assembly, attached to a back bellows plate, and a front
plate or cup containing a carbon seal ring.

A seal material evaluation study was conducted at Bendix to determine the
optimum dynamic sealing materials combinations for use in actuators exposed to nuclear-
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Figure 2-5. Bellows Type Face Seal

cryogenic environments. Forty-seven various seal materials were tested. The results

of this test program are reflected in our present dynamic seal designs. The dynamic

seal used in the latest model turbine power control valve (TPCV) actuator for the NERVA
program performed successfully over a pressure range of -44.7 to 447 n/cm?2 (-65 to +650
psid) and through a temperature range of 100°K to 980°K (-280 to +1300°F) for a total
accumulated operating time in excess of 100 hours.

Bendix Engineering Specification CNPD-189, which covers the dynamic
shaft seal, is included in Appendix C.

2.1.6 Pressure-Force Elements

One of the critical components of the nutator motor is the pressure-force
element. This device must convert the pneumatic pressure into a force efficiently and
rapidly. Hence, it must be a device having minimum leakage, minimum friction, low
inertia, minimum displacement volume, and a very high cycle life.

The bellows unit, Figure 2-6, is composed of a metal bellows, two end fittings,
and a thin-walled cylinder placed in the center of the unit to reduce its internal volume.
The unit is an interchangeable subassembly.

The face mounting flange is designed to allow incorporation of a metal sealing
ring of a standard size, if pressure tests indicated a high leakage.

The metal bellows is an electrodeposited type manufactured by the Servo-
meter Corporation of New Jersey. It is made of material composed of 99.5% nickel,
0.4% cobalt, and traces of oxygen and carbon. Based on tests conducted by the manufac-
turer, it has an average life cycle of 50 x 106 cycles at 110°K (-260°F) for a stroke
of 2.54 mm (0.10 inch) and a maximum pressure drop of 58.5 N/cm2 (85 psi). Using a
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Figure 2-6. Bellows Unit

value of 40 degrees/second as a rated output velocity, a transmission ratio of 180:1 and
considering eight pressure-force units, it is determined that each bellows must cycle at

a rate of twenty cycles per second. Based on the cycle life given and the values assumed
the pressure-force elements would have an expected life of almost 700 hours. There are
several advantages associated with the bellows unit such as dirt insensitivity, the elimina-
tion of all sliding or rubbing that is normally associated with a piston element, the no-
leakage characteristic, the ability to accept some slight misalignment of the two end con-
nections during operation, and the low mass of this thin-wall member.

Specification CNPD-187, covering the bellows assembly, is included in
Appendix C.

2.1.7 Housing

The outer housing for the mechanical components of the actuator was designed
in accordance with the ASME Code for Unfired Pressure Vessels to withstand a maximum
internal pressure of 138 N/cm2 (200 psig). The end plate with the dynamic seal was
thickened to prevent changing of the seal preload under pressure. The housing is shown
in Figure 2-7. The output shaft and shaft assembly are shown in Figures 2-8 and 2-9.

2.1.8 Mechanical Commutator

The purpose of the mechanical commutator is to permit testing the motor
actuator independent of the pure fluid commutator. Functionally the mechanical com-
mutator is a series of three-way valves which sequence the pressurizing and exhausting
of the eight bellows units of the actuator.




Figure 2-7. Main Housing

The device is composed of a shaft driven, combination spool and plate valve
and a manifolded mounting plate which attaches to the rear of the motor. Provisions
have been made for the insertion of pressure pickups in the channels supplying the bel-
lows units.

2.2 ASSEMBLY AND TEST

2.2.1 Mechanical Assembly

Upon receipt of the two bearings from the manufacturer it was found that
the bearings supplied were radial instead of angular contact. The bearings were re-
turned to the manufacturer where they were modified by a reduction in the inner ring
diameter. It is felt that the validity of this modification is questionable. However, due
to the short term of the contract these bearings were accepted to prevent further assembly
delay.

The components were initially assembled to verify the assembly procedure.
The only problem encountered (except for a minor bearing relief requirement) was the
torsional clock type scram spring. It was found that excess friction was developed by
the coils rubbing together. After discussion with the vendor, the specification was re-
written and new springs ordered. Evaluation of the scram performance was carried out
later in the program.

For initial evaluation of the motor performance, the unit was assembled with
the mechanical commutator and without the scram spring, torsion shaft, drum brake and
dynamic seal.
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Figure 2-8. Output Shaft

OUTPUT BEARINGS
MOUNTED HERE_

Figure 2-9. Output Shaft Assembly Containing Output Gear

2-9




2.2.2 Mechanical Commutation Test Results

After initial assembly and adjustment, the motor was run continuously at an
input commutation speed of 1000 rpm (5.6 rpm output speed) for fifteen minutes in each
direction. No output load was applied. On disassembly some flaking of the molybdenum
disulphide lubricant on the gear teeth was noted. After approximately ten hours of run-
ning, mostly under high load condition, no further flaking of the lubricant was evident and
the gear teeth appear in excellent condition.

After run-in, the pressure supplied to the bellows were monitored by gages
on the mechanical commutator. It was found that the commutator was '"breaking before
making", causing the number of pressurized bellows to vary between three and four,
depending on the angular position on the commutator. The distribution slot in the com-
mutator was modified to provide a more even pressure distribution. Figure 2-10 shows
the pressure variation in bellows number 1 and number 5. It can be seen that the reduc-
tion in one bellows pressure is accompanied by a corresponding increase in the other
bellows pressure. In order to obtain this symmetry, the supply and vent ports of the
commutator are ''short circuited" during portions of the commutation cycle. This short
circuit causes an increase in the supply flow and a consequent reduction in the bellows
pressure. This reduction can be seen in Figure 2-10 eachtimea bellows is pressurized.
Unsuccessful attempts were made to add capacitance to the inlet and bellows supply lines
to minimize this pressure variation.

Maximum output torgue for a given commutator speed was determined by
loading the output shaft until the gear teeth disengaged. A plot of maximum output torque
against input commutator speed is shown in Figure 2-11. Output shaft speed can be ob-
tained by dividing the input speed by 180.

This method of shaft loading will indicate the torque obtained when the
pressurized bellows pressure is at a minimum. By monitoring the transient bellows
pressure and measuring the minimum obtained, the output torque can be corrected to
determine the actuator performance assuming a uniform bellows pressure. This correc-
ted torque versus speed curve is shown in Figure 2-12. The corrected curve indicates
the maximum torque which could be obtained with the self-commutation circuit.

The torque required to back drive the motor was found by holding the
mechanical commutator stationary and applying sufficient torque to the output shaft
to cause tooth disengagement. This torque is shown in Figure 2-13 for various com-
binations of pressurized bellows.

Previous experience with nutator gear concepts has shown that the mechani-

cal efficiency (n) is independent of the direction of drive. The efficiency can be calculated
from the output torque (To) and the back driving torque (Ty) as follows:
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X - Clockwise Rotation
¢ - Counterclockwise Rotation

inch pounds
meter kilograms

Bellows Supply Pressure = 70 psig
(48 newtons/cm?2)
550 —+ 6.38
500 + 5.80 //. 489 in.Ib.
average
450 + 5,22
3
g 400 + 4.64
B
350 1,4.06
4
50 | .58
0 L ¥ L) Ll T T v L]
1 2 3 4 5 6 7 8
2 3 4 5 6 7 8 1 Bellows
3 4 5 6 7 8 1 2 Pressurized
4 5 6 7 8 1 2 3

Figure 2-13. Reversed Stall Torque

or, from Figures 2-12 and 2-13,

n = ¢ == = 71.5%

This efficiency agrees closely with the original design estimate (68%).
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Further testing of the motor was started to determine the torque versus
supply pressure characteristics, but was terminated when a rapid deterioration in out-
put torque was noted. Disassembly of the unit showed that all four flexure pivots were
either broken or badly distorted. It is felt that a failure of the pivots resulted from the
shock loading employed by the method of test and is not indicative of the performance
under normal operation. The pivot holes were rebored to take larger (3/8 inch diameter)
flexure pivots, which increased the torque capacity by 50%.

The maximum corrected output torque obtained was 2.89 meter-kilograms
(250 inch pounds) (See Figure 2-12)., With a measured efficiency of 71.5% meter-kilograms
internal torque developed is 4.05 meter-kilograms (350 inch pounds). The design internal
torque is 7.05 meter-kilograms (610 inch pounds). It appears that the motor is producing
only 57% of the design value. This torque reduction can be caused by one or more of the
following factors.

(a) Bellows pressure is measured upstream of a 1.015 mm (.040 inch)
diameter orifice. Any appreciable bellows leakage would reduce the
actual bellows pressure below the measured value.

(b) Bellows effective area is less than the design requirements.
(c) The nutation angle is incorrectly set.

(d) Inaccuracies in gear profiling has resulted in a reduced angle of
force centroid.

To investigate these possible causes, the following action was taken:

(a) A bellows test fixture was fabricated to allow pressurization of an
individual bellows assembly. A check of all the bellows showed that
only two of the sixteen on hand (eight spare) had appreciable leakage.
The eight bellows taken from the motor had negligible leakage.

(b) Two bellows were selected at random and the force for a given applied
pressure was measured2 The force measurement gave an effective
bellows area of 2.67 cm? (.414 in.2) and 2.65 cm? (.411 in.2). These
areas are within the allowable limit of 2.80 cm2 +5% (.435 in.2 +5%).

(c) and (d) The nutation angle and the gear profile cannot be measured directly,
and any indirect measurement is open to question. After repair of the
flexural pivots, the motor was run with the fluid commutator circuit.
Further investigations were made at this time, the results of which
are described in SectionIV.

The operation of the mechanical components with the mechanical commutator

demonstrated the operational capability of the pneumatic nutator motor concept and pro-
vided some indication of the overall performance.
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2.2.3 Dynamic Seal Tests

The motor was partially disassembled at the intermediate flange point, and
the input commutation, bellows and input gear assembly were removed, leaving the output
gear, bearings and output shaft. The shaft dynamic seal was then installed and the output
assembly was mounted on the drum test fixture. The test fixture (and output shaft) was
then pressurized to 448 N/cm2 (650 psig) and the output torque was measured by a torque
wrench applied to the output gear. A graph of torque versus shaft angle is shown in
Figure 2-14. The maximum seal torque is well below the design specification of 1.73m kg
(15 inch-pounds). :

A plastic bag was then placed over the output gear assembly 3 with an outlet
tube. The tube was submersed just below a surface of water. At 448 N/cm® (650 psig) shaft
pressure, with gaseous nitrogen no leakage (in the form of bubbles from the tube) occurred
in a period of 20 minutes.

From these tests the following conclusions can be made.

1. The shaft seal friction is extremely low.

2. The output bearing friction does not increase appreciably when axially loaded
to approximately 236 kg (520 pounds).

3. The seal room temperature nitrogen leakage is essentially zero.

2.2.4 Scram Characteristics

The spiral clock spring was inserted in the output shaft assembly and the
dynamic seal was removed. Tests were then conducted to measure the scram spring
rate. The torque versus angle for the scram spring is shown in Figure 2-15. Operation
of the spring will occur between 2.0 and 2.5 revolutions, at a spring rate of .033 mkg/rad.
(2.9 in. l1b./rad.). This rate is within the specification of .0455 mkg (4.0 in.lb./rad.)
maximum,

The torsion tube and brake bands were then assembled. With the brake bands
loose, the torque from the torsion tube was recorded throughout its +15° travel (see Figure
2-16). The brake bands were tightened until they added about 1.61 mkg (140 in.lbs.) to
" the system.

The scram spring was preloaded to .58 mkg (50 inch pounds) and scram tests
were attempted. With .54 mkg (47 inch pounds) load friction on the output shaft the scram
spring did not have enough force to return the shaft to the zero position. The scram spring
was then preloaded to .69 mkg (60 inch pounds) which is the maximum allowable preload
with present design scram spring. The maximum load friction against which the spring
would effect a scram from full travel in 0.5 seconds was determined to be .35 mkg (30 inch
pounds). A Sanborn trace of this test is shown in Figure 2-17.
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Output Shaft Required Torque

m - kgm

]
L
72 {60
.60 {50
.48 140

.36 130

Seal Friction
Torque

Scram Spring & Seal
Pressurized at 448 N/cm2

(650 psig)

Scram Spring
Torque

.24 120
.12 110

T T T T T { 1 T I 1 T
0 50 100 150 200 250 300 350 400 450 500 550

Output Shaft Angle (degrees)

Figure 2-14. Shaft Dynamic Seal Friction Torque
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Figure 2-15. Scram Spring - Torque Versus Angle
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Figure 2-16. Torque Tube - Torque Versus Angle
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Figure 2-17. Initial Scram Characteristic

This figure shows no overshoot at the 15° position, indicating that the total
energy is being absorbed by the brake band and the deceleration rate is greater than
the required 2000 rad./sec.2. These initial tests were performed on the Magneclutch

brake test rig, which has an inertia gf .224 N-m?2 (.56 lb. ft. 2) as opposed to the design
load inertia of .264 N-m2 (.66 1b. ft.

Taking into consideration the inertia variation, it can be assumed from the
above test results that the maximum load plus dynamic seal friction allowable is .30 mkg
(26 inch pounds). Subtracting the seal friction of .081 mkg (7 inch pounds) as obtained
from the tests described in Para. 2.2.3, the maximum load friction which will allow a
0.5 second scram time is .22 mkg (19 inch pounds).

2-20




This figure shows no overshoot at the 15° position, indicating that the total
energy is being absorbed by the brake band and the deceleration rate is greater than
the required maximum value. These initial tests were performed on the Magneclutch
brake test rig, which has an inertia of .224 N-m2 (.56 1b. ft.2) as opposed to the design
load inertia of .264 N-m2 (.66 1b, ft.2),

Taking into consideration the inertia variation, it can be assumed from the
above test results that the maximum load plus dynamic seal friction allowable is .30 m kg
(26 inch-pounds). Subtracting the seal friction of .081 m kg (7 inch-pounds) as obtained
from the tests described in Paragraph 2.2.3, the maximum load friction which will allow
a 0.5 second scram time is .22 m kg (19 inch-pounds).
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SECTION III

DEVELOPMENT AND TEST OF THE COMMUTATION CIRCUIT

3.1 CIRCUIT CONCEPT

The requirement of the commutation circuit is to accept as an input a pres-
sure differential signal and regulate the output torque by controlling the bellows pressure
differential as a direct function of the input signal. The circuit must also sequence the
pressurized bellows to provide a uniform output shaft rotation and maintain a constant
output torque independent of shaft position. The direction of rotation is dictated by the
sign of the input pressure differential. In order to minimize the number of moving parts
in the actuator, the complete logic sequencing is performed by fluid interaction devices
of the vortex amplifier concept,

The logic circuit is shown symbolically and described briefly (Figure 3-1).
The circuit consists of:

a. A pressure error valve

b. A bi-stable directional amplifier

c. Eight vortex power amplifiers (one for each bellows)
d. Sixteen vortex selector valves

e. Four gimbal ring position pickoffs.

The power amplifier valves are conventional vortex valves with two outlet
ports. One outlet port vents the power flow and the second outlet is connected directly
to the bellows chamber. This second outlet is referred to as the '"Pg tap." When no
control flow is applied to the power amplifier valve, the greatest impedance to the supply
flow is the outlet hole. The vortex chamber pressure and the Pg tap pressure are then
essentially equal to the supply pressure. When a control flow is applied and a swirl is
generated in the vortex chamber, the Po pressure will reduce to a value equal to or lower
than the outlet vent pressure. This reduction in Po pressure allows the bellows flow (due
to the bellows stroke) to cross the vortex chamber and vent through the outlet. The se-
quence of filling and emptying the bellows is shown in Figure 3-2.
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Valve in Turndowr:
Bellows at this cycle

Power Vortex

| /V/Valve
377 7 v 272 7

Filling Bellows Emptying Bellows

Figure 3-2. Vortex Valve-Bellows Interaction - Schematic

Referring to Figure 3-1, each power valve is controlled by a bias flow from
the pressure error valve and a flow from one of two selector valves.

In order to understand the logic sequence of the circuit it is important to
remember that the power valve bias flow is always greater than the signal from the selec-
tor valves. In the absence of a selector valve output, the bias flow would cause complete
turndown of the eight power valves, resulting in a minimum Po or bellows pressure. Flow
from a selector valve will tend to reduce the effectiveness of the bias flow and result in an
increase in the bellows pressure. The maximum pressure obtainable in the bellows will
then depend on the magnitude of the bias flow relative to the selector valve output. There-
fore a high bias flow will result in a low bellows pressure and vice versa. The bias
flow is determined by the pressure error valve which in turnis controlled by the input
pressure differential.

Since the control ports in the pressure error valve are opposing, an input
pressure differential in either direction will generate a swirl and reduce the output or
bias flow. The maximum obtainable bellows pressure is therefore directly proportional
to the magnitude of the input error signal.

The directional amplifier is a bi-stable flip-flop. This unit provides a con-
stant flow to one of two outputs depending on the sign of the input error signal. This flow
determines the direction of rotation of the actuator.

The sixteen selector valves can be considered in groups of four. Each group
has as inputs the directional signals from the bi-stable amplifier and one of the four pick-
off pressures. The pickoff pressure is the intermediate pressure obtained between an up-
stream fixed orifice and a downstream variable bleed. The variable bleed is controlled by
a leaf spring attached to the outer gimbal ring (see actuator schematic Figure 1-1). The
level of the pickoff pressures is then an indication of the mesh point between the input and
output gears.
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An examination of the control port configuration for each group of selector
valves indicates that the valves consist of two pairs, each operating in push-pull fashion.
The direction signal pressure determines which pair are functioning and which pair re-
main in full turndown, when the pickoff pressure varies. The outputs of each pair of se-
lector valves are connected through the corresponding power valves to bellows which are
18(°)° apart, and each pair of the group of four connect to bellows which are displaced by
90°.

The selector valve outputs will then control the power valves to maintain
four of the eight bellows at a high pressure level and the opposed four at a low pressure
level. The force centroid of the pressurized bellows is designed to lead the gear mesh
point by 45°, and a torque moment on the gears is produced. As the mesh point tends to
move toward the force centroid, the change in pickoff pressures causes the next consecu-
tive bellows to pressurize and the last bellows (180° opposed) to lose pressure. In this
manner, the force centroid is maintained at a constant angle relative to the mesh point,
When the directional signal is reversed, the bellows pressures change to shift the force
centroid by 90° across the mesh point, resulting in a torque moment in the opposite direc-
tion,

Due to the closed loop nature of the commutation circuit, the application of
a stall torque load, or back driving of the actuator, will not cause the gear teeth to dis-
engage. The torque speed characteristics of the actuator are then identical to a conven-
tional gear or vane motor and transmission.

3.2 INVESTIGATION OF VORTEX CHARACTERISTICS

Before a design was made of the commutation circuit, a detailed investiga-
tion was conducted of the basic vortex amplifier characteristics. The objective of this
investigation was to determine experimentally the effects of varying the critical vortex
parameters. '

The results of varying control to outlet area ratio are shown in Figures
3-3 and 3-4.

The results of varying the porting aspect ratio are shown in Figures 3-5
and 3-6, and the chamber to outlet diameter ratio is shown in Figures 3-7 and 3-8.

The vortex chamber dimensions used in this study are given in the table of
Figure 3-9.

From these tests the following dimensions were derived.

Pressure Error Power Selector
Valve (2) Valve (8) Valve (16)

mm. in. mm, in. mm. in.
Chamber diameter 25.4 1. 16.5 .650 9.53 375
Chamber depth 3.18 125 3.18 125 1.58 .062
Control port width .19 031 19 .031 .38 015
Supply port width 6.35 .250 6.35 .250 3.18 .125
Outlet hole diameter 3.2 .128 2.03 .080 1.02 .040
Py tap diameter 2.1 .080 1.02 .040 0 0
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Supply Port

Control Port

Po Port and Outlet Port

FIGURES 3-3 and 3-4

Chamber Chamber Supply Control Py Outlet
Dia. Depth Port Width Port Width Dia. Dia.
(mm) | (In) ((mm)| (In) | (mm)| (In) | (mm) (In) |(mm)| (In}{ (mm) | (In)
25.4 | 1.00 |3.17 JA25 | 6.35 ] .25 .381 015 {1.02 {.040| 2.04 .080
25.4 | 1.003.17 | .125 | 6.35| .25 762 .030 {1.02 }.040( 2.04 .080
25.4 | 1.00 |3.17 125 | 6.35 | .25 | 1.524 .060 |1.02 ].040| 2.04 .080
25.4 | 1.00 {3.17 JA25 | 6.35 ] .25 | 3.048 .120 |1.02 [.040| 2.04 .080

FIGURES 3-5 and 3-6
25.4 | 1.00 |6.35 25 3.17 .125( .381 015 1.02 |.040| 2.04 080
254 | 1.00 |3.17 JA25 {1 6,351 .25 J162 030 1 1.02 |.040} 2.04 080
25.4 | 1.00 |1.585| .0625/12.70 | .50 | 1,524 060 | 1.02 |.040{ 2.04 080

FIGURES 3-7 and 3-8
8.13 .320;3.17 Jd25 | 6.35 | .25 162 .030 |1.02 |.040| 2.04 080
12.19| .480(3.17 { .125 ( 6.35| .25 762 030 11.02 |.040| 2.04 .080
16.26| .640{3.17 | .125 | 6.35| .25 762 .030 |1.02 |.040{ 2.04 |.080
20.3 .800/3.17 | .125 | 6.35| .25 762 030 11.02 |.040] 2.04 .080
25.4 | 1.000/3.17 } .125| 6.35| .25 762 030 11.02 |.040| 2.04 .080

All Vortex Valve Dimensions; +.001 inch
Surface Finish: 16 RMS or better
All Pressure Readings: +0.5% full scale (250 psig)
All Weight Flow Readings: +5%
Supply Pressure 68.9 n/cm2 (100 psia)

Vent Pressure 10.3 n/cm2 (15 psia)

Fluid - Ng gas at 70°F
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Figure 3-9. Vortex Valve Dimensions and Tolerances




A further series of tests was performed to ascertain the effect of certain
deviations from the basic vortex configuration.

Figure 3-10 shows the effect of varying the angle at which the control flow
enters the vortex chamber. The curve showing the zero degree angle indicates question-
able data, since similar valves will produce a much lower Po pressure in turndown. The
general conclusion drawn was that increasing the control port angle to at least 30° did not
materially affect the valve performance.

Figure 3-11 indicates the effect of reducing the control port tangent point
to a smaller effective radius.

Figure 3-12 shows the negligible improvement obtained by the introduction
of a second supply port.

Figure 3-13 shows the variation in turndown which can be obtained by intro-
ducing a spoiler in the chamber.

3.3 BREADBOARD COMMUTATION CIRCUIT

3.3.1 Logic Circuit

A breadboard model of one half the commutation logic. circuit was fabricated
in sheets of plastic. The sheets were then bolted together to form three blocks - two
selector valve blocks each containing four selector valves, and one power valve block
containing four power valves. One selector valve block is shown in Figure 3-14. The
purpose of the breadboard tests was to demonstrate the feasibility of employing vortex
amplifiers to perform the required logic, and to determine the circuit pressure and flow
levels. Figure 3-15 shows the logic circuit as connected on the test bench.

The circuit was first connected as shown schematically in Figure 3-16(a).
The supply pressures were controlled by external regulators. The Po (or bellows) pres-
sures obtained are shown in Figure 3-16(b) for each combination of pickoff pressure (Pg2
and Pg4) and each directional signal (Pp[, and PpR). It can be seen from Figure 3-16(b)
that the circuit does perform the required sequencing of pressure (two outputs are pres-
surized at any given time), and the pressure differentials obtained are equal or greater
than the design goal of 48 n/cm2 (70 psi).

Since pressure regulators cannot be used in a practical system to set the
supply pressures, the regulators were replaced by fixed orifices from the common plenum,
as shown in Figure 3-17(a). The results obtained with this configuration are shown in
Figure 3-17(b). The use of fixed orifices to set the supply pressure levels results in
variations in the supply pressures through the logic sequence. This is due to the varying
flow requirements of the selector and power valves. Variations in these supply pressures
(Pss and Pgp) affect the impedance match of the selector valve outputs to the power valve
control, and therefore affect the ability of the selector valve to control the power valve.
The result in P pressures is the '"Staircase' effect shown in Figure 3-17(b).
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Fluid = N, Gas at 70°F

Angle of Control

Port ()
v - 0°
o - 10°
x - 20°
A - 30°
Py Tap
(psia) (n/cmz)
100 (68.9
| N\
90 62.1| \%
~ 80 [55.2 \
5 |
> 10 148.3
& I
w [ 9
2
& 50 §34.5
g 40 27.6l s
30 |20.7 D4
X A
20 {13.
138j |
10 6.9] i 5
oln825 | 689 | 702 | 71.6 | 72.9 (n/em®)
| 4
0 98 100 102 104 106 (psia)

Control Pressure (Pc)

Figure 3-10. Pressure Curves for Vortex Valves with Different Control Pori Angles
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Figure 3-13. Pressure Curves for Vortex Valve using ''Spoiler'' Set at Varying Depths
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Figure 3-14. Selector Valve Block
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Figure 3-16(b). Model Commutation Circuit - External Regulation
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Figure 3-17(a). Model Commutation Circuit - Fixed Orifices
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Figure 3-17(b). Model Commutation Circuit - Fixed Orifices
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High Ps = 200 psig
Pressure Pvent = 35 psig
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Figure 3-18(b). Model Commutation Circuit - Fixed Orifices with Internal Regulation
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In order to minimize the effects of these pressure variations, the selector
and power valve supply pressures were obtained by series orifices from the plenum
chamber. A vortex pressure regulator was also incorporated across the selector supply
pressure to minimize the flow variations. The modified circuit is shown in Figure 3-18(a)
and the test results obtained are shown in Figure 3-18(b). The circuit modifications ma-
terially reduced the Po pressure variations, and provided a performance comparable to
the ideal regulated system of Figure 3-16(b).

Further development of the circuit allowed a pressure level reduction of
Pgg from 117 n/em2 (170 psig) to 113.5 n/cm2 (165 psig) and Pgp from 75.6 n/cm?2
(110 psig) to 72.2 n/cm2 (105 psig). The reduction in supply pressure levels reduces the
pressure recovery requirement of the directional amplifier.

It should be remembered that the test results shown in Figures 3-16(b),
3-17(b) and 3-18(b) are shown with the signal pressures (Pg2 and Pg4) either fully "on"
or fully "off". In the actual motor commutation, a proportional phasing occurs between
these conditions. The circuit is therefore proportional in action rather than on-off, as
might be inferred from the above mentioned figures.

3.3.2 Directional Amplifier

A small bi-stable flip-flop was obtained from the Bendix Research Labora-
tories Division. Although this unit did not have sufficient flow output to control the direc-
tional signals for the breadboard logic circuit, tests were conducted to ensure that latch-
ing could be obtained under the required pressure level conditions. The amplifier was
tested with a supply pressure of 131 n/cm2 (190 psig) and a vent pressure of 103 n/cm?2
(150 psig). The receiver pressures obtained were 121 n/cm2 (176 psig) and 113 n/cm?2
(164 psig). This pressure level and pressure differential was determined to be adequate
for directional control of the commutation circuit. Switching occurred with an average
control pressure level of 113 n/cm2 (164 psig) and a hysteresis band of 3.1 n/cm2 (4.5 psi).

From the flow calibration obtained at these conditions it was determined that
an area scale factor of 18 would provide the required flow to control the complete logic
circuit. A scaled version of the bi-stable amplifier was then manufactured by the Re-
search Division and incorporated in the circuit. Test results of the complete system are
given in Section IV,

3.4 FABRICATION AND TEST ASSEMBLY

3.4.1 Circuit Arrangement

The complete commutation circuit was fabricated from eight plates, 20 cm.
(7.9 in,) in diameter and varying in thickness from 1.58 mm (.062 in.) to 14.2 mm(.56 in.).
These plates are stacked behind the bellows end plate (see Figure 2-4) and held together
by 44 studs. One plate contains the eight power valve chambers and is positioned directly
behind the bellows end plate. A second plate contains the sixteen selector valves. The
remaining plates contain the necessary channeling to connect the circuit. Considerable
care was taken to minimize the length and volume of the connecting passages, to ensure a
maximum system response. Since any two selector valves which have a common direc-
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tional input, supply the control for power valves 180° apart, a large number of channel
crossovers occur. These crossover points largely determine the number of plates
required.

3.4.,2 Plate Sealing Techniques

Due to the large surface area of the commutation plates, it was anticipated
that problems would arise in maintaining adequate sealing between the various channels
and ports. A small test plate assembly was fabricated consisting of two plates. One
plate had four concentric annular grooves, each 6.35 mm (0.25 in.) wide and spaced at
a radial distance of 2.5 mm (0.10 in.). The second plate contained pressure fittings to
each groove. The plates were bolted together to obtain the same unit loading as would
be obtained by the commutation plates. The tests consisted of pressurizing one slot
and observing the rate of change of pressure in the deadended remaining slots. The
following tests were performed:

a. Plates machined to a 16 RMS finish and 0.51 mm(.002 in.) flatness. High
Leakage.

b. Plates hand lapped. High Leakage.
Spray coated with "Krylon" coating. Negligible Leakage.

d. Plated with .013 mm(.0005 in.) silver, bolted together and inserted in oven
for four hours at 810°K (1000°F). No Leakage.

The configuration (d) was then tested at 75°K (-325°F) and 560°K (+550°F).
A temperature shock test was also performed. At no time was any leakage detected. The
plates were then broken apart, and are shown in Figure 3-19.

The plates were then relapped and procedure (d) was repeated. Again, no
leakage occurred and visual inspection of the mating faces indicated that the seal was
uniform.

From the above tests, it was tentatively decided to use the Krylon coating
for room temperature tests and adjustment. When the circuit operation is satisfactory,
the silver plating procedure (d) would be used to effect a semi-permanent bond.

3.4.3 Circuit Test Assembly

The circuit plates were ground and assembled on a test rig. Aluminum test
plates were inserted between certain commutation plates to allow monitoring of the circuit
intermediate pressures. The pressure pickoffs were simulated by a partial ring which
could be rotated to cover the pickoff holes. The test assembly is shown in the drawing of
Figure 3-20,

The complete commutator test stand is shown in Figure 3-21. All fixed ori-
fices as well as the directional signals and pressure error valve output signal were ini-
tially simulated by hand valves.

Initial testing indicated an unsatisfactorily high leakage. Krylon coating,
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\ Figure 3-19. Seal Test Fixture

although it gave good results on the smaller plates and test assemblies, did not apprecia-
bly improve the sealing of the large plates. The coating also caused considerable diffi-
culty in disassembly. The use of a light vacuum grease coating gave a reasonably good
seal but caused clogging in certain of the critical passages.

The plates were then lapped flat and plated with silver. This procedure
provided an extremely good seal without channel clogging, and greatly facilitated dis-
assembly. The plates have since been disassembled on numerous occasions without
any noticeable deterioration in the sealing quality.

Figures 3-22(a) through 3-22(g) show the assembly procedure of the main
logic elements on the base plate of the actuator. A detailed description of the pressure

channels for each plate is given in Appendix B. The complete assembly is shown in
Figure 3-23.
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Figure 3-22(b). First Transfer Plate
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Figure 3-22(d). Second Transfer Plate
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Figure 3-22(e). First Pressure Distribution Plate

Figure 3-22(f). Second Pressure Distribution Plate
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Figure 3-22(g). Third Pressure Distribution Plate
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3.4.4 Circuit Optimization

3.4.4.1 Logic Circuit

With the silver plated commutation plates and the various aluminum test
plates assembled on the static test stand, a study was made of the effects of various
bleed sizes in each of the supply lines. Many combinations of bleeds were tested with
data recorded for each set. It was impossible, however, to obtain an optimum bleed
combination in this manner. All bleeds were then replaced with adjustable hand valves
and the circuit performance was optimized. The pressure level settings were found to
be quite critical. The hand valves were replaced by bleeds of exactly equivalent size,
After each bleed was inserted the performance was checked to determine if any deterio-
ration of operation occurred.

3.4.4.2 Directional Valve

The signal pressure which determines the direction of rotation is obtained
from the bi-stable directional valve. The directional flow requirement of the logic cir-
cuit was measured as .004 kg./sec. (.0088 lb./sec.) when operating on nitrogen.

Initial testing indicated that the pressure in the two vents of the directional
amplifier would have to be maintained at a high level. It was also found that the vents
could not be interconnected, and required individual impedance orifices in order to obtain
the required flow recovery.

3.4.4.3 Pressure Error Valve

The pressure error valve converts the command pressure differential to a
non directional bias flow for the logic circuit power valves. The required bias flow ranges
from .0132 kg./sec. (.029 1b./sec.) at zero actuator torque, to .0177 kg./sec. (.039 1b./sec.)
at maximum output torque,

Plastic vortex amplifiers were used initially to breadboard a pressure error
valve to meet these requirements and maintain compatibility with the directional amplifier
control impedance.

The best flow gain was obtained by using both the vent and the Po tap. Two
vortex valves were plumbed in parallel with a bypass line to maintain minimum flow as in
Figure 3-24. It was found, however, that in actual conditions the bypass line was not
necessary. The plates for the pressure error valve were designed with the same critical
dimensions as the breadboard model. Incorporated with the plates is a provision for mount-
ing an electromechanical torque motor to generate the input differential pressure. The
plates making up the pressure error valve were all lapped and silver plated in order to
minimize leakage.

The pressure error valve and directional bi-stable valve are shown in

Figure 3-25. These valves mount directly on the end plate shown in Figure 3-23. Both
valves draw their required power supply from the main supply plenum.
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Figure 3-23. Assembled Commutation Logic Unit
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3.4.5 Assembly of Pressure Error and Directional Valves

The pressure error valve consists of eight plates, NPX-104-81 through
NPX-104-88. Plate 81 is the base plate and contains the supply orifices for both the pres-
sure error valve and the torque motor. Plates numbered 82, 83, and 84 are a pinned
assembly containing two vortex valves in parallel which generate the bias signal to the
commutation circuit. The remaining plates are pressure transfer plates.

The torque motor mounting block, NPX-104-80, is assembled on top of the
pressure error valve stack, and has provisions for a torque motor or an externally
supplied input differential pressure.

Each plate has an arrow etched on the edge; these arrows must be in line and
pointing away from the end plate for proper assembly.

The plates assemble in the following sequence:

NPX-104-79
NPX-104-81
NPX-104-82
NPX-104-83
NPX-104-84
NPX-104-85
NPX-104-86
NPX-104-87
NPX-104-88
NPX-104-80

The directional block, NPX-104-88, also mounts directly on the end plate,
and the directional amplifier mounts on top of it. The directional black contains two
orifices for the vents and provisions for orifices in each of the directional signals.

The input differential pressure which enters the pressure error valves
through the torque motor mount must be transfered externally to the directional amplifier
as is shown in Figure 3-26. The vent from the directional amplifier must be connected
externally with the main vent line.
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4.1

SECTION IV

ACTUATOR ASSEMBLY AND TEST

ACTUATOR ASSEMBLY

The mechanical portion of the actuator is assembled as per assembly draw-

ing NPX-104-A1. Detailed assembly and set-up procedure for the critical components is
described below.

4,1.1 Brake Band and Snubber Assembly

a.

The brake bands must be assembled before the nutating gear.

Loosen the brake bands to assemble the snubber (the snubber must be pushed
out from the bottom side of the plate to disassemble it).

With the brake bands loose record the torque of the snubber thru its 15° {ravel.

Tighten the brake bands until they add 0.46 meter kilograms (40 in.-1bs.) torque
to the snubber.

4,1.2 Scram Spring Assembly

a.

The scram spring can be assembled with the outer loop over any one of the four
pins in the housing,

The gear plate on the output shaft must be removed so the spring can be guided
over one of the pins while the bearings are being pressed into the housing,

The preload on the scram spring should be set to approximately 0.69 meter
kilograms (60 in.-1bs.).

The spring load must be checked over the range of the free travel of the output
shaft to insure that the spring is operating in the linear range and is not begin-
ning to bind between the coils.

4.1.3 Pickoff Spring Adjustment

a.

Check each spring to see that it will seal 124 N/cm2 (180 PSIG) when the pad
covers the pickoff hole completely. Leakage can be minimized by slightly
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bending the spring to allow the pad to sit flat over the hole.
b. Block the gear ring parallel to the base plate.
c. Using mechanical commutator plate, pressurize one pickoff orifice at a time.

d. With pressure at 117 N/cm?2 (170 PSIG) set spring so that flow is 4.4 x 10-4
kg./sec. (9.7 x 10-4 1b./sec.).

e. After all 4 are set, all pickoffs can be moved equal amounts by changing the
shims under the anchor pins.

Gear travel can be kept constant by changing shims between the outer cas-
ing by the same amount as above.

4.1.4 Procedure for Obtaining Gear Concentricity

a. Assemble the gear with the anchor screws only finger tight.

b. Lockwire the screws - so that the vibration will not force them out.

c. Using the mechanical commutator, operate the unloaded actuator in one
direction for at least two to three revolutions of the output shaft. The natural
tendency of the two gears to center themselves will then force the input gear
to "walk" to the correct position.

d. Separate the two gears, remove the lockwire, and tighten the anchor screws.

e. Re-lockwire the anchor screws and pin the assembly.

The assembly procedure for the commutation circuit is described in
Section III.

The complete actuator is shown in Figure 4-1.

4.2 ACTUATOR PERFORMANCE EVALUATION

The majority of the testing performed on the actuator was done with the
actuator and output adaptor driving a Vickers Magneclutch through a Lebow torque
transducer. The output of the Magneclutch was attached to the test stand to provide

a magnetic frictional load on the actuator. The output torque was read on a digital
voltmeter.

The inertia of the drive system is within 10% of the specified load inertia
and therefore allowed a realistic evaluation of the scram system.

The actuator, mounted on the test stand, is shown in Figure 4-2.
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Figure 4-1. Pneumatic Nutator Actuator Motor
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Initial testing consisted of obtaining the optimum sizing for the various
fixed orifices in the commutation circuit, the optimum setting for the pressure pickoffs
and the optimum clearance between the input and output gears.

It was found that considerable increase in output stall torque could be
obtained by increasing the clearance between the gears (with the input gear in the neutral
plane) from the design value of .33 mm (,013 in.) to .61 mm (.024 in.). Increasing the gap
beyond this value caused erratic commutation and loss of stall torque. Assuming that the
design meshing of the gears is correct, the total stroke of the input gear was increased
from + 1.52 mm (+ .060 in.) to + 1,80 mm (+.071 in.).

The hole diameter for the commutation pickoffs was set at .76 mm (.030 in.)
to provide one sequence of commutation in 45° of input nutation. The increase in the nu-
tation angle causes the bellows pressure sequencing to occur in less than 45°, This causes
the torque angle (angle between the gear mesh point and the bellows force centroid) to vary,
This variation would be expected to produce an uneven output torque. Since the test results
indicated a smoother torque output with increased nutation angle, it has been assumed that
the bevel gears are not meshing to the design depth.

The maximum speed obtained from the actuator (unloaded and without the
scram spring preload) was 11 degrees/sec. in one direction and 7 degrees/sec. in the
opposite direction., The maximum speed reduced to 10 degrees/second and 6 degrees/
second with the preloaded scram spring installed (see acceptance test results Para. 4.3).

The actuator could be stalled and back driven without causing the teeth to
disengage. The maximum stall torque obtained varied between 2.89 meter kilograms
(251 in.Ib.) and 1.39 meter kilograms (121.in 1b.) depending on the method used to apply
the load. If the load is applied rapidly, a high value of stall torque can be obtained. The
variations in stall torque with commutation position can also be seen by observing the
variation in maximum speed of the unloaded output,

In order that the sequencing of the commutation logic could be studied in
more detail, the mechanical portion of the actuator was driven by the mechanical commu-
tator. The commutation circuit was mounted separately on a test stand and the circuit out-
put pressures were monitored. The commutation circuit was controlled from the pressure
pickoffs in the actuator. By opening the loop in the commutation circuit in this manner,
it was possible to observe the output of the commutation circuit relative to the pressures
applied to the input bellows.

These tests indicated that the commutation sequencing was not occurring
uniformly over the required 45° of nutation. For certain positions of the input gear, the
commutation circuit output indicated five high pressure outputs. At a different gear posi-
tion the number of high pressure outputs reduced to three. The circuit in general se-
quenced the pressures correctly, and the variations described above occurred over ex-
tremely small input positional increments. These variations, however, will cause changes
in both the applied torque angle and the magnitude of the applied input force. It is felt that
the non-uniform sequencing affects both the magnitude of the stall torque and the maximum
speed obtained.
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Methods recommended for providing a uniform pressure sequencing are
discussed in Section VI.

4.3 ACCEPTANCE TEST RESULTS

The final tests performed on the actuator, complete with scram spring,
dynamic seal, and snubber system were as follows.

4.3.1 Torque Speed Characteristic

With maximum input pressure differential, the output shaft position was
recorded (vs. time) for various output loads. The torque speed curve obtained is shown
in Figure 4-3. The maximum stall torque for various input pressure differentials is
shown in Figure 4-4. The scatter obtained in the test points is indicative of the variation
discussed in Para. 4.2 above,

4.3.2 Scram Characteristics

Scram tests were performed with the actuator on the test fixture shown in
Figure 4-2 and with the actuator mounted on the drum test fixture. The drum test fix-
ture provides the correct inertia simulation and allows pressurization of the output shaft
dynamic seal. Frictional loading, however cannot be correctly simulated. The actuator
on the drum test fixture is shown in Figure 4-5.

The scram condition was simulated by energizing a solenoid valve in the
actuator pneumatic supply line. Loss of supply pressure causes the input gear to dis-
engage and lie in a plane parallel to the output gear. The output assembly is then free
to rotate to the zero shaft position.

Traces of output shaft position and solenoid current against time are shown
in Figure 4-6. Figure 4-6(a) shows the time taken to reach zero degrees with .35 meter
kilograms ( 31 in./1bs.) frictional torque. Figure 4-6(b) shows the time taken with no
frictional torque, but with the dynamic shaft seal pressurized at 448 N/cm?2 (650 psig).
Further tests indicated that the friction generated by the pressurized shaft seal was
negligible. Also the shaft seal leakage was too small to obtain an accurate reading.

4.3.3 Input Flow and Pressure Requirements

All the above described tests were performed with room temperature gaseous
nitrogen as the working fluid. Total required input flow is 35.5 g/sec (.078 1b./sec.).
Measurement of the main plenum supply pressure indicated that the 1/4 in. O.D. inlet
supply line had a pressure drop of 29.5 N/cm? (44 psi). Since the reduction of this pres-
sure drop represents a relatively minor modification, it was decided not to penalize the
overall performance by this drop. The upstream supply pressure was therefore set at
'168 N/cm?2 (244 psig).

The input pressures required to operate the actuator are 126 + 14 N/cm?2
(180 + 20 psig) and the input flow varies from zero to 4.05 g/sec. (.0089 lb./sec.).
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Figure 4-5. Actuator Mounted on Drum Test Fixture
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4.3.4 Helium Tests

Preliminary testing was performed using helium gas at room temperature
as the working fluid to demonstrate the ability of the logic circuit to operate with gases
of different gas constants. The stall torques obtained were identical to those of Figure
4-3, Slight adjustment of the input differential was required. The reason for this ad-
justment is not presently known,

The maximum speed obtained was 24 degrees/sec. with the scram spring
aiding. Tests with the input opposing the scram spring were inconclusive.
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SECTION V

COMPARATIVE PERFORMANCE WITH CONVENTIONAL ACTUATORS

The discussion which follows is a relative comparison of the advantages
and disadvantages of four types of pneumatic motors, their servo valves, and their
transmissions when used as a portion of the forward section of an electropneumatic
closed loop reactor drum control system,

It is assumed that the application of the motors is not for a maximum
initial torque on-off type of control system, but rather for a continuous control system
where the motor input flow and pressure drop are infinitely variable by means of a
torque motor and pneumatic servo valve,

5.1 GEAR MOTOR

A typical high performance gear motor consists of two pinions and a center
gear. Each gear is supported at each end by ball bearings. The center gear and pinions
are held in place axially by carbon plates. The carbon plates are supported in a fixed
position at the ends of the center body by the motor end plates. The motor output shaft
is an extension of the center gear.

The motor is used in conjunction with a four way two stage spool type
pneumatic valve with equal inlet and exhaust areas. The motor is made reversible by
connecting diametrically opposite gas chambers together and to the valve P1 and P2
ports as shown in Figure 5-1.

Half Port Bleeds —

Figure 5-1, Pneumatic Gear Motor Schematic



When the gear motor is totally enclosed, except for the output shaft and
its bearing, and operated in conjunction with a symmetrical four way spool valve, its
performance is very poor, The resolution is poor, the stall torque sensitivity through
null is low, and the wear debris from the carbon plates is considerable.

The low torque sensitivity through null is caused by a low pressure build-
up across the motor as a function of the valve displacement, and is primarily the result
of gas leakage from the high pressure (P1) chamber to the low pressure (P2) chamber,
and the inability to exhaust this gas through the valve P9 orifice without a significant
pressure drop across it.

In order to reduce the flow into the P9 chamber, the leakage is diverted to
atmosphere through a low impedence path by means of a fixed orifice or half port bleed.
The orifice is placed in center body on opposite sides of the center gear teeth as shown in
Figure 5-1, This modification has been found to be adequate in linearizing the generated
stall torque curve through null, However, the total gas flow to the motor is increased,
and the initial break frequency is reduced.

The motor is basically unsymmetrical due to the single ended output shaft,
With the slight variation in clearance at each end of the gear and pinions, a pressure
drop results along the gear axis, and the gear and pinions ride against a single carbon
plate rather than float in between them. This usually causes an increase in motor inter-
nal friction and, due to carbon plate wear, an increase in the axial clearance.

To minimize the axial pressure drop, the pressure in the bearing cavities
is equalized by interconnecting the cavities through slots and hollow shafts. The result-
ing gas flow is discharged to atmosphere through large orifices at each bearing,

In summary, the disadvantages of the gear motor are:
1. The close tolerances required between moving parts.
2. The meticulous care required during assembly to ensure alignment
between the gears, end plates and center body,
3. The increased flow required to improve the torque characteristics
through null,
4, The rapid deterioration of the gears when they become contaminated.

The advantages are:

1. The linear torque speed characteristic through null.

2. Ability to operate on low gas pressures.

3. The small and constant volume under compression,

4. The ability to operate satisfactorily over a wide ambient temperature
range.
The small amount of dry lubrication required,
The moving parts are inherently dynamically balanced, allowing high
speed operation and consequent reduction in package size.

Do
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5.2 VANE MOTOR

The vane motor consists of a rotor with vane slots located on its outer




diameter. In the direction of its axis are contained the vanes, the center body and con-
toured bore upon which the vanes slide, and the end plates. The rotor is supported at
each end by a ball bearing,

The motor is made reversible by interconnecting diametrically opposite
chambers to the valve P1 port, and the adjacent chambers to the P2 port. The gas
entering the P1 chamber is allowed to expand for approximately one quarter of a revolu-
tion and then it is discharged through a large fixed orifice to a low pressure level. After
discharge, the gas at the discharge pressure level is recompressed for a portion of a
revolution and then discharged through the valve P2 port.

The motor P9 chamber is adjacent to the motor P1 chamber and in the
simplest motor configuration the P1 and P9 chambers are separated by a single vane,
Due to the reciprocating action of vanes, the depth of the vane slot must be slightly
greater than the maximum displacement of the vanes, As a result of this volume below
the vane, there must be a clearance between the vane and the slot of such size as to allow
this entrapped volume to charge and discharge when the motor is operating at its maxi-
mum speed, Also, at high motor speeds the heat generated by the vane rubbing against
the sides of the vane slot and center body bore causes the vane to expand relative to the
rotor, this requires an additional clearance in the vane slot as well as between the ends
of the vane and the motor end plates.

When the vanes have a pressure drop across them, they seat against the
top edge of the slot. Most of the leakage from Pj to P9 occurs at the ends of the vanes
and rotor. To reduce this cross port leakage it would be desirable to discharge this
leakage prior to it reaching the Pg chamber, Due to the small thickness of the vane,
the space available is limited, Generally, to the interest of simplicity and reliability,
the leakage is controlled by the clearance allowed between the rotor and the end plates,
and the gas is discharged through a valve with an exhaust area gain greater than the
inlet. '

At null when P1 is equal to P2, the vane separating the two chambers has
no net force acting on it.

It is then possible for the vane to float in its slot. When P1 is greater
than P9, the net radial force on the vane tends to seat the vane tip against the bore or
cam surface, and the net tangential force tends to move the vane towards the P cham-
ber. Both movements of the vane occur simultaneously when the pressure drop is
greater than is required to overcome the friction forces.

The average pressure on the rounded vane tip surface is less than the
pressure applied to the bottom of the vane. The net force is then in a direction to move
the vane towards the bore. During this transition two leakage paths from P{ to Pg are
evident, across the vane tip, and between the vane faces and the vane slot. Since there
is friction involved, a finite P to P2 pressure drop is required to seat the vane tip
against the bore. Sometimes a low rate spring is placed in the slot below the vane to
insure proper vane tip seating.

The vane also tends to pivot about the upper edge and wedge in place. When
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a reduction in output torque is required, the P pressure would have to be lowered an
amount corresponding to that required to unwedge the vane, since the friction force
caused by the wedging action now reverses and acts in the same direction as the P1
pressure force on the face of the vane. The net result is a large hysteresis in the stall
torque characteristics.

Also during the transition period, the Py to P9 leakage is detrimental to
the build-up of the motor pressure drop through null,

The net effect of the P1 to P9 leakage and the friction forces is a stall
torque characteristic with a low gain through null and a large hysteresis band.

Since the vane motor has the same problem as the gear motor with respect
to axial pressure drop across the rotor, the solution by equalizing the pressures in the
bearing cavities is equally applicable.

As the motor rotates, the vanes reciprocate in the vane slots, but they do
not remain exactly midway between the ends of the slots. They move in a manner such
as to cause an unsymmetrical but rhythmic wear pattern on the surface of the end plates.
The width of the worn area is equal to the height of the vane plus the length of the vane
stroke. What causes the vanes to move in this manner is not thoroughly understood,
but the results are a degradation of motor stall torque and an accumulation of wear debris
in the bearings.

In summary, the disadvantages of the vane motor are:

1, The large number of sliding parts, and the resultant lubrication pro-
blem,

2. The low stall torque sensitivity through null,

3. The complex porting arrangement required to exhaust the leakage
flow.

4, The requirement for an unsymmetrical servovalve,

5. The wide hysteresis deadband,

The advantages of the vane motor are:
1. Its relatively high volumetric efficiency.
2. A small number of critical tolerance parts.
3. A reduction in the number of high density parts, resulting in a good
power to weight ratio.
4, Ease of assembly,

5.3 LINEAR PISTON

The linear piston motor can be used with either a pressure or flow control
valve. In order to minimize the phase shift due to the entrapped volume and the low bulk
modulus of the gas, a pressure type control valve is generally used.

Because of its large volume under compression, the piston-cylinder actua-

tor is usually operated at higher pressures to maintain a reasonable open loop natural
frequency.
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The push-pull linear actuator is very similar to the gear and vane motors
with respect to generated stall torque. All are sensitive to P1 t0 Pg or cross port
leakage. The piston-cylinder actuator relies on a piston seal to minimize leakage as
contrasted to controlled clearance and vane tip seals for the vane motor and controlled
clearance for the gear motor. Because of the greater use of sliding seals, the piston-
cylinder actuator has the highest internal friction followed by the vane motor and then
the gear motor.

The piston-cylinder actuator has a reasonably linear generated stall torque
through null, but due to the relatively high coulomb friction of the piston seal its resolu-
tion or dead band is considerably wider than the others,

The piston-cylinder motor generally uses only dynamic seals for leakage
control. As a result it has a higher performance deterioration rate than either the vane
or the gear motor. The use of dynamic seals does however offer some advantages.

It is necessary, when using controlled clearances, that close tolerances be held during
the machining and assembly operations. Consequently, the manufacturing cost is the
least for the piston actuator. Also, the piston-cylinder motor because of its smaller
cross port leakage has the lowest gas consumption.

In summary, the disadvantages of the piston motor are:
1., Large volume under compression and hence reduced response
characteristics.
2. High internal friction resulting in large deadband at null.
3. More rapid degeneration of performance,

The advantages are:
1. Highest power to weight ratio.
2. Simple and economical to manufacture.
3. Low gas consumption,

5.4 SERVOVALVES

Gear and vane motors have both been operated in conjunction with open
center four way spool type valves with a good deal of success. These valves have
operated in excess of 300 hours without significant deterioration in performance, The
spool and sleeve are made of materials such as stellite which, when heated in an oxygen
containing atmosphere, produces a durable, low friction coefficient oxide coating.

The disadvantage of this type of servovalve is the small clearances involved
and the added complexity of stabilizing the pilot stage with damping tanks and bleeds.

Due to the spool to sleeve clearance and the resulting leakage, this type
of valve does not lend itself to a pressure type control as readily as bellows operated
poppet valves or combination bellows and spool sleeve valve, The pressure type con-
trol valve is similar to the flow or area control valve with negative pressure feedback.
The effect of the negative pressure feedback is a reduction in the phase shift caused by
the volume under compression, and a decrease in the stiffness of the control. When
the open loop resonant frequency requirements are met, the resolution of the piston
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actuator is generally less than desired. This problem is difficult to overcome without
raising the supply pressure or introducing a frequency dependent pressure feedback such
that the static stiffness is much greater than that obtained with a fixed amount of pres-
sure feedback.

5.5 TRANSMISSIONS

In order to match the motor output to the load requirements, some form of
transmission is required. The piston-cylinder motor requires a conversion from linear
to rotational motion with a relatively small transmission ratio. This can be readily
obtained with a simple rack and pinion, and is by far the least complex of the three.

The gear and vane motors have essentially the same transmission require-
ments. Because of their high output speeds, they require a rather large transmission
ratio,which can be obtained with either a planetary or nutator transmission. The plane-
tary transmission is advantageous in that it is inherently dynamically balanced with a low
input inertia, and can be contained in a reasonably small package. Unfortunately, these
advantages are offset by the considerable number of gears and bearings required, and
consequently its questionable reliability.

From a reliability standpoint, the nutator transmission is superior to the
planetary transmission. The nutator transmission is a unique means of obtaining a large
transmission ratio with a single pair of bevel gears.

The nutator transmission is not inherently dynamically balanced. When
balanced, its input inertia is greater than that of the planetary transmission, but not
prohibitively high for this application. Its obvious advantage is the few gears and parts
required to obtain a large transmission ratio. In addition, the package size for a given
transmission ratio and power capability is less than the equivalent planetary transmission.

5.6 NUTATOR MOTOR

Since the nutator motor developed under this contract provides a uniform
torque speed characteristic proportional to an input pressure differential, the actuator
can be compared directly with gear, vane or piston and cylinder concepts.

Although the commutation circuit of the nutator motor is considerably more
sophisticated than the conventional spool valves, the lack of any moving parts gives the
circuit an inherently high reliability. The circuit construction lends itself to conventional
production techniques such as chemical or tape controlled milling. The absence of flow
grinding requirements will greatly reduce the manufacturing costs.

The use of bellows to provide the pneumatic pressure to mechanical force
conversion eliminates any inherent problems of controlled leakage paths, friction in high
speed rotating and sliding components, and critical manufacturing tolerances. The use
of only two bearings to support the output shaft simplifies the construction, reduces the
mechanical power losses and minimizes the hysteresis due to stiction effects.

Since there are no high speed rotating components, the input inertia is low,
consisting only of the nutating gimbal ring and the negligible bellows mass. The frequency
response is therefore determined directly by the commutation circuit response.
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The design concept of the nutator motor provides a combined pneumatic
pressure to mechanical force conversion and high torque amplification in one integral
unit, It is then possible to obtain a package size and weight which is smaller and lighter
than a conventional actuator of comparable performance., When the motor is not supplied
with pneumatic power, the input gear is automatically disconnected from the output. This
disconnect feature is particularly desirable in the control of a nuclear reactor, since a
scram condition can be obtained without the requirement of clutches or the necessity to
backdrive high speed components.

The basic design of the mechanical portion of the nutator actuator allows
operation as an analog motor or, by changing the commutation circuitry, a pneumatic
pulse input will provide an accurate stepped increment in output shaft position. The
versatility of operation is unique in an actuator design.
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SECTION VI

SUMMARY AND RECOMMENDATIONS

6.1 SUMMARY

The pneumatic nutator actuator provides a low speed high output torque
device with a minimum number of moving parts. The lack of high speed rotary compo-
nents and minimum volume under compression gives the concept design an inherently
high reliability and wide closed loop frequency response. Since the basic actuator can
be used as either an analog or digital stepping motor, depending on the commutation
circuit employed, the concept provides a versatility which is unusual in pneumatic
actuator design.

The development program performed under this contract successfully
demonstrated the feasibility of the pneumatic nutator actuator concept. The operation
of the commutation circuit demonstrates the ability of vortex type fluid amplifier to
operate in a complex combination of series and parallel logic sequence.

During the course of the program, unforeseen development problems were
encountered which could not be solved under the scope of the contract. The results
obtained, however indicated the actuator's potential and gave an indication of the direction
of effort required to obtain the design performance.

6.2 RECOMMENDATIONS FOR FURTHER DEVELOPMENT

The main areas of investigation should be concentrated on obtaining the
design stall torque and a higher maximum speed (or slew velocity). Of secondary impor-
tance is an investigation of the gas constant sensitivity.

The test fixtures used during this initial contract provide the ability to
operate the commutation circuit and the mechanical portions of the actuator either
separately or in an open loop mode. Investigations performed with these fixtures were
qualitative in nature and have been discussed in Section IV. In order that the actuator
performance be improved, it is necessary that a quantitative investigation be made of
both the static and dynamic operation of the commutation circuit and the mechanical
hardware.

It is therefore recommended that the following evaluation tests be performed
to determine the maximum potential capabilities of the developed actuator:
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Using a sinusoidal input forcing function determine the dynamic characteristics
of the commutation circuit both in terms of pressure error input and position
pickoff input.

With the mechanical commutator, determine the static and dynamic potential
of the bellows force elements and the effects of input inertia.

Evaluate the fluctuations in bellows pressure due to power supply variations.

Evaluate various position pickoff bleed configurations to obtain the optimum
timing sequence.

From these evaluation tests, the critical areas affecting performance can

be determined. Corrective action can then be initiated to obtain the full design capability
of the actuator.
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APPENDIX A

DESIGN CALCULATIONS

A-1 GEAR FORCE ANALYSIS

Let,
F_ = Resultant force applied by bellows

Fg = Separating force of gear set
v = Nutation angle

¢ = An angle between Fp and F

which is a function of the system
torque (force angle).

Moment created by Applied Force Fp:

Consider a disc in a rectangular co- X
ordinate system oriented so that the axis
of the disc (y' - y') is at an angle (y) with
the y-y axis. The disc is instantaneously
supported at points V and W in the x-y
plane and is free to rotate about the instant
axis (x' - x'). A force (F.) is applied at
some radius (r_) and some angle ({) from

the x-x axis. * This force is parallel to the
y-y axis and can be resolved into two com-
ponents,

F siny andF _cos v .
P |Y 4

The component Fp sin 7 will produce a moment (MV) about the y'-y' axis.
Let N = transmission ratio.

Then, M, = (Fp sin?) rp sin ¢ (input torque)

Or Mt = N(Fp siny) rp sin ¢ (output shaft torque) (1)
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Equation (1) is the general equation which describes the relationship between moment
(M) and the angle of force application (¥). Thus, when M, =0, ¢ =0 and, neglecting

all other considerations, M, maximum occurs when { = 90°. The torque produced by

the force acts in a direction opposite to the motion of the disc. Including an overall
efficiency factor (n),

Shaft Torque = Mt = N7 (Fp sin V) rp sin ¢ (1-a)

Separating Moment:

The separating force (Fg) acting at the gear tooth mesh is related to the shaft load
torque (Mt) by the following expression,

Fg F.r
tan¢ = = & (tooth pressure angle)
F M
t t
or My
Mt —
FS = —_ tan¢ g
r
g

Then, the moment acting about the vertex (v) due
to the separating force (Fs) is,
r
M, = F [ 5
sinf

Substituting the expression for F into the
above equation gives,

tan ¢
Mg = M (sinB) (2)

The moment created by the force Fp tending

<(

to hold the gears in mesh is,

(Meshing moment) = M = Fp T, cos¢ (3)

Shaft torque (Mt) related to separating angle( Cmax)

The nutating gear set will tend to separate (jump out of mesh) when the separating
moment (M_) is equal to, or greater than the meshing moment (M ) created by the applied
force (F ). Thus, by equatmg (2) and (3),




M
_ t tan ¢
Cos cmax T F_r (sinﬁ ) (4)

Also, substituting equation (1) into (4),
N (Fp siny) T sin § max (tan¢ )
F r sin
PP A

Cos Cmax =

sing

(5)

tan Cmax = Ntan¢ siny

Equation (5) indicates that the separation angle is independent of the applied force
(Fp) and the effective radius (rp). It is solely dependent on gear set parameters (pres-

sure angle, transmission ratio, half-cone angle, and nutation angle.)

Using the actuator design figures,

B = cone angle = 75° sin 8 = 0.966
y = nutation angle = 1° 8' 21.2" siny ~ v = .0198 radians
N = transmission ratio = 180

¢ = tooth pressure angle = 14 1/2°
Substituting in Equation (5).

sin 8 0.966
tan ¢ = - =
max Ntan¢siny 180(.259)(.0198)

=1.04

~ o _ s
< max ~ 46° = separation angle

Therefore the gears will separate if the input force is applied at an angle of 46°
or greater to the mesh point of the gears.
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A-2 BELLOWS AREA DESIGN

Bellows

Pressure Force Centroid Unit Force = F

Yyl
] AR
4Fy = 2Fy1 + 2Fy2 3;1 y
X
_ 2F(y; +v,)
y=———
4F
— Y1+ Yy
y =
2

y, = Rsin 1/2 (3130 )when N = total number of bellows.

L 360°
y2—Rsm3/2(N )

For N=8

v, = Rsin 22.5° = .383R

yo = Rsin 67.5° = .924R

MRS 1.307R

then 7y = 5 = =5 = 0.653R
Design: Mt = 360 in-1b. rg = 2.175 inches
R = 3 inches
y = 0.653R = 1.959 inch |Usey = 1.96 inch
M, 360
Separating Force, F_ =r— tan¢ = 2175 (.259) = 42.9 1b. max.
g
r 2.175
Separating Moment =M _=F & =429 | 77—~ )= 96.5 in-1b. max.
s sin g .966

Mesh
Point




Applied Force Required (Fp):

P

Max. shaft torque = Mt = 360 in-lb.

Known:
Nutation angle = y = 1° 8' 21.2" siny & y = .0198 radians
Force angle =¢ = 45° sin ¢ = .707
Transmission ratio = N = 180:1
From Equation (1)
Mt = :
rp =y = 1,96 inch

P N(sinvy ) rp sin &

360
~ '180(.0198)(1.96)(.707)

73 1b,

Fp 73
Bellows force Fﬁ ol W z - 18.3 Ib.

Maximum pressure differential across bellows = AP = 70 psi

FB 18.3 9
.". Bellows area (ideal) =— = —— = 0.26 inch
AP 70

This is the minimum effective bellows area required based on 100 percent mech-
anical efficiency and a maximum pressure drop of 70 psid across the bellows.

Allowing an over-all efficiency and pressure drop factor of 60 percent, we will

obtain an effective bellows area of,

0.26 9
Ab =\ 0.6 = 0.435 inch




A-3 GEAR DESIGN SUMMARY

Number of teeth input gear N = 181
Number of teeth output gear n = 180

Input gear cone angle B ="15° 8o

Output gear cone angle a="T3°51'39"  Impact ' 0.6
Nutation angle =1° 8' 21" Position ‘ Release
Clearance angle = 31' 40" . — Position
Minimum gear tooth clearance 0.018 inch 15° ~ .- 15°

Stubbing ratio K = 0.50
Tooth average pressure angle = 14 1/2°

Tooth bending stress = 23,100 psi
Hertz stress = 3,680 psi
Allowable Hertz stress = 142,000 psi (BHN = 382)

A-4 SCRAM SYSTEM ANALYSES

(a) Friction (M,): The seal friction
is assumed fto be 15 in-1b. and the
load friction is 32 in-lb max. 32
For design calculations, assume a value of Mt =15 3 = 31 in-1b.

(b) Inertia (J, ): The load inertia is set @ 0.246 in—lb—secz. The,inertia of the
actuator output shaft and gear is estimated at 0.014,in-1b-sec™. For design
calculations, assume a value of J L= 0.26 in-lb-sec”.

(c) Spring "'Installed Load" (M_): The maximum friction in this system can be
32 + 15 = 47 in-lb., allowing 3 in-lbs. over this maximum to permit a slight
margin above the friction load. Let Ms = 50 in-1b.

(d) Torsional Spring Rate (K): For this application, K should be low. For de-
sign, let K = 4 in-1b./rad.

(e) Release Angle (6,): For a total travel of 180° with a soft stop at 15° from
either end, 6, = 150° (2.618 radians)

System Constants:

K 4.0
"_ "_ -1 2 -2
w = JL = 26 = \]15.4 = 3.8 sec w” =154 sec

Ko, +M - M

a =

f) _]4(2.618) + 50 - 31 =(29.5

295\ . 113.5 sec™2
I 26 26




Kinetic Energy at Impact (Vi):

The kinetic energy at impact is,

- 52
Vi = 1/2 JL )
where .
9 =(4:)—) sin wt and t~ g
2(2.618) 5.23
Substituting, t ~ \-11? = Y135 - \).046 = 0.214 sec.

. 113.5
emax= EXE sin (3.8)(.214) = 29.9 sin .813

= 29.9(.727)
= 21.7 rad/sec.

Then

2

V= 125 8% - 1/2(0.26)21.7)% = 90.5 in-Ib.

Vi= 90.5 in-1b.| This is the kinetic energy at impact for
150° release position.

Rebound (6 R)

The specification allows a rebound of 1/4 of the incoming release-to-impact travel.
For a perfectly elastic impact (no energy absorbed),

M,+ M 2V,
i 7s =(31+5°)= (ﬂ) = 20.2 1) 181 _ 45

K 4 4 K 4
3
M, + M M, + M 2V.
o =L s} _ [[Zf£_Ts) _ 1 _g9pg-_ V408 -45.2 =20.2 - 19.1
R K K K

fr = 1.1 radian (63°)

Allowable rebound
2.618

ea,ll = 9_° = ———= 0.65 radian
4 4




So that Rebound Position (with

Allowable no Energy Absorbed)
6R> fan Rebound 7
Impact . Release
Position Position
—

15°

LThis energy must be absorbed.
Energy Absorbed By Snubber (Vs)

(Impact Energy = Rebound energy + Energy absorbed by snubber)

or Vi = VR+ VS
9 2.618
If the allowable rebound is 8 = -+ = —— = 0.65 rad, then the energy
; . . all 4 4
associated with this becomes,
Vo = 1/2K 602 + (M_+M,) 6
R all S f all

1/2(4)(.65)% + (31 + 50)(.65) = .846 + 52.7 = 53.5 in-Ib.

Then, the energy that must be absorbed by the snubber becomes,

VS = Vi - VR = (90.5 - 53.3) = 37 in-1b.

Summary of Energy Balance

Max. = 90.5 in.-lb.

90.5 4
S Max. K.E. at Energy Dissipated by Snubber
D Impact } (Max. = 37 in.-1b.)
g
§ Energy Converted to Rebound
Q (Max. = 53,5 in.-1b.)
5]
0 —- >00

150°
Release Angle




Deceleration Rate (-4):

The specification limits the deceleration to 9 = -2000 rad/ secz. Using the expres-

sion,

" [T\ .2
% max =(6) 9 max

r\ Omax 2000 rad/sec? 2000
_5. = - 2 - 2 = —— = 4.25
8 max (21.7 rad/sec) 472
where r = radius from actuator to snubber centerlines

(=]
]

snubber stroke (in.)
é
E:_O 000
i
/ Y oooo
r

i

Energy Dissipation (Considering a friction device)

The heat generated is a measure of the amount of kinetic energy being absorbed

by the snubber,

v .
H = 8 Btu/min.
& 78
where VS = The rate of kinetic energy to be absorbed (thn:ilY{

Also, the heat generated is equal to the rate of frictional work or,

pA_ fv
H ={—&—
g \ 778

where p = average contactpressure (psi)
Ac = contact area (in“)
f = coefficient of friction
v = velocity (ft/min)
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Then,

Vo =p Ac fv
Or L
4V
p AC = _S
fv
Friction coefficients for sintered - Metallic Materials = 0.1 - 0.2
for Metal - ceramic materials =0.2 - 0.4

Assume £=0.2, VS = 37 in-1b. = 3.1 ft-1b.

v=rh ~ 2 in 21.7 rad x 60 sec. ft. = 217 ft/min.

sec. 12 in. min

3.1 ft-1b. 60 sec
= X
214 sec min.

<l
i

Vs
t

870 ft-1b/min.

Then
870 ft-1b/min 9
pA =~ = 20 psi-in
¢ (.2) 217 ft/min

Using a contact area of 3.76 'm2 , the contact pressure is 5.32 psi, which is satisfactory
for the metal-ceramic material selected. The brake band is then adjusted to a torque
of T = pAcfv or T=20x .2x 1.2 =4.8 in-1b.

A-5 SNUBBER SPRING

The snubber spring must absorb 54 in-1b. of kinetic energy while deflecting through
15°. The spring must deflect 15° in both directions.

Assume spring will be made of 17-4 PH Steel.

F,, = 190 Kpsi G = 10.5 x 10°% psi
Fty = 170 Kpsi Fsu = 120 Kpsi
E = 28.5x 10% psi
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Comparison of Spring Types

The comparison will be based on the gravimetric elastic efficiency (7_) which is
a measure of the energy per unit volume capability of the spring in (in-1b/1b.).

(a) Constant- Strength Cantilever:

| 5123
i MTw S\ where:
‘ 6Ep
SB = Bending stress (psi)

| 4 p = Specific we1gh§3 of

/r material (#/in”)
I‘_LL__J
(b) Straight Round Bar (Solid)

5
Tw =
4Gp
L——f

(c) Straight Round Bar (Hollow)

( <O>5. RTARY
1
L—

Straight Rectangular Bar (Solid)

O

b~h

'ji
st
£3
Q

4Gp

L
\ﬁlo—b——-.l
4 3 3 2, 2

where C = 9b% + 3.24n% + 10.8(bh® + bh) + 12.24 b2h

Comparing (a) and (b) assume SB = 150 ksi SS = 100 ksi p= .28
3)2 22,500

(150 x 10 ‘
w = (6)(30 x 106)(28) = 50.3 447 in-1b./1b.

for (a) n
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(100 x 10%)2 10,000

for (b) Ny = (@105x100(28 - 11 = 990 in-Ib/Ib.

D? - Dg 2.25 Dg - D(Z) Lo5
for (c), let Dl =1.5 D, 5 = 5 = = = 0.55

D 2.25D 2.25
0
for (c) n, = 850(.55) = 470 in-1b/Ib.
for (d), let b = 6h
5. C = 11,700 h* + 3.24n% + 10.8(6n* + 216n%) + 450 n* = 14,200 n*
p2h2 36 h?

and  —@ 14,400 h 400
for (d) Ny = (850)‘% = 2.1 in-lb./lb.

Thus, thebestchoice is (b): Straight Round Bar (Solid).

To reduce the torsion bar length, a solid bar and hollow

cylinder combination was

selected. The design stress levels were calculated as follows:

The torsion bar can be drawn as follows (for ease in visualization)

.286

.390
344 I

.04R .04R

.04R

NN

je—2.3T—»

12
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16M
For solid shaft, T = t Assume maximum Mt = 415 in-lb.
7rd3
16Mt dO
For hollow shaft, T= — 2 a.
m(d -d,)
o i
. -1 3 -3
Solid shaft: d =2.86x10 °, d° = 23.4x10
(16)(415)
* 723.4x10-3 = 90,500 psi
-1 4 -4
Hollow shaft: do = 3.90x10 7, d0 = 232 x 10
4

1 4 140 x 107

d; = 3.44x107°, -df =
92 x 1074
16(415)(3.90 x 10” 1)
T = ~ = 88,000 psi
T94 x 10
Angle of twist:
584 M,L
For solid shaft: ] =WL— Maximum Mt = 415 in-1b.
584 M,L G = 11.7x 10% psi
For hollow shaft: 6 = 1 4
G(d, - d7)
4
584 M,  (5.84)(4.15) x 10 5
let¢ K = - = 2.07x 10
G 11.7 x 108
. : -1 4 -4
Solid shaft: L = 284in. d=28x102 d* = 67x10
0. KL _ 207x10%x2.80 _ ;oo

d4 67 x 10-4
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Hollow shaft: L = 2.38  d--df = 92x107*
KL 2.07 x 1072 x 2.33
g = = = 5.250
at . g 92 x 1074
o i
F
A-6 STOP PIN STRESS ANALYSIS R ?‘_T"'
. 9 =P h
Maximum deceleration 6 = 2,000 rad/sec” (max.)
Jo = ZT = FR 5 “020 |‘_d—"
For R = 1" J = .246 in-lb-sec
J§  (.246)(2,000)
F = R - 1 = 492 lb. (max. impact force)
Assume F = 500 lb.
Maximum Moment arm on pin = 0.2 inch = h
Stud Diameter = d = 0.25 inch
The maximum combined stress in the stud is,
o = shear stress
= ( 2 2 her °
max ~ 9% * 9p T 9 where oy, = bending stress
op = pressing stress
F 500
o, = T = ———2 = 10,400 psi
A 7 (.125)
2m (32)(500)(.2)
g, = = % = 65,000 psi
b~ 148 7 (.25)3
Eemax(rg - I‘i) ro = distance from G, of
9p - stud to edge of
max = where -
roTy plate containing stud
ry = radius of stud
€ ax - Max radial int. fit (in)
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Assume ry = linch, e = 0.0005 (.001 dia. int. fit)

30(108)(5 x 107%)(1 - .12573) 1500 (.98)

o = = = 12,000 (.98) = 11,800 psi
pmax (1)(.125) 125
_ 2 2 2 4 .
O ax - {(1.04) +(6.5)" + (1.18) x 10" = 67,000 psi
S8 “max ~ ? min
£, = y o, = variable stress =~ TU7 = 67,000 psi
0,8 + © Se 2
omax+0min
o, = angular stress = ——————— = 0 psi
2
Assume {Se = endurance limit = 80,000 psi (minimum)
S
=&
Factor of safety fs = o
80
fS =87 = 1.2 (minimum)

Typical chrome-ni steels have an endurance limit of 80,000 psi for 100,000 cycles.

A-7 BEARING LOADS
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The output torque (Mt) acts at center of the pitch line of the gear tooth to produce
a tangential force (Ft)

bl

r

Ft=

The separating force (Fs) = Fb tang¢

Resolving F (s) into normal component (FsN) and axial component (FS A) , project to

intersection with shaft centerline at distance ﬂr from y-y axis

FsN

FS cosfB = Ft tan¢ cosp

F

SA Fs sinf = Ft tan 9 sinf

Forces transferred to shaft.

Radial forces due to (FS)

ZMy = 0 Fp(fy+ 4) =F(l + 4y)
0, + £
Fro = Fon i FN1 FsN
sN\ gy + £g L *J
FN2
ZF = 0 FNl = FNZ- FSN
Radial forces due to Ft (at 90° to those for FS) call FRl and FRz
EM1 =0 Ftll = FR2(£1+ 22)
[}
Fo =Ft(2 12 ) F;t
1772 Lo T
Frl r2
XF =0 Frp = Fi-Frg

Total radial force on bearings (FRl and FR2)
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Assumed Requirements:

Life - 150 hours - 200 in-1bs. at 33 1/3 RPM

Thrust load due gas pressure (Fp) = 520 1b.

B = 175° M, = 200
¢ = 14.5° = .2586
T = 2175

Find F ¢ (Tangential force)

Find FS (Separating force)

F_ = F, tan¢ = 92.2x .2586 = 23.85 Ib.

Resolve FS
FSN = Fs cosB = 23.85x.259 = 6.18 lb.
FsA = Fs sing = 23.85x .966 = 23 1b.
Find !Zr
!Zr =71 tanf =2.175x3.73 = 8.1
Let 21 = 0.9
12 = 3.15
£ = 8.1
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Find radial forces on bearing

(1) Due to separating force F(S)
0+ 22 0.9+ 8.1
Fne = Fon )= 6.18 09+ 3.15
2. + ¢
1 2
9
FN2 = 6.18 3.05/)° 13.72 1b.
FNI = FNZ - FSN = 13.72 - 6.18 = 17.54 lb.
(2) Due to tangential force (Ft)
0 0.9 )
Foa = (2 )= maligs
1+ 42
FRZ = 20.5 lb.
FRl = Ft - FRz = 92.2 - 20.5
FRl = T1.7 1b.
(3) Summation radial load
= J 2 2 2 2
FRl = FN1+ FRl = \[7.54 +71.7
BRG No. 1 FRl = T72.1 1b.
= ‘, 2 2 2 2
FRZ = FN2+ FR2 = JI3.72 + 20.5
BRG No. 2 FR2 = 24.6 1b.
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Axial Bearing Load.

BRG No. 1 Maximum axial load condition is with ¥ = 0

But with 65 psi back pressure (FS) axial force (FB)
= 656x.8 = 52.0 1b.

BRG No. 2 Maximum axial condition is 650 psi shaft pressure (Fp), no
back pressure, no separating force

Fp = 650 psi x 0.850 in. = 520 1b.

Bearing Selection (Using Kaydon|Engineering catalog S200)
(1) Establish equivalent bearing loads
Bearing No. 1 Radial load = 72.1 b,
Axial load = Fp+F , = 52+ 23 = 751b.

Therefore the axial load is predominant

Lo Et =4 . 30 ﬂr
Et = 75 +(3x72.1) = 291.3
Bearing No. 2 Radial load = 24.6 1b,
Axial load = 520 1b.
Et =1 . 30 lr
Et = 520 +(3 x 24.6) = 593.8 1b.
Required basic capacity (C)
Lx FL
C =
Fs
where
L = Load on bearing
FL = Life Factor, Fs = Speed factor
L = 593.81b.
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F. = .626

!
i

1.44

593.8 x .626

1.44 = 258 1b.

Factor for dry lubrication
Increase C by a factor of 10 for lubrication.
Cl= 2580 1b. thrust.
Kaydon Bearing KC 47 AR has dynamic thrust capacity of 2600 lb.
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A-8 FEEDBACK LEAF SPRING DESIGN

Use 17-7 per AMS 5529
HT. 1 hr.@900°F

Let
812 25
£ =.7in, . .
h = 015 in. _L ﬁ -
b= .13 in. @
y = .06 = deflection to installed ht. '
Then,
3 6 -2,3
F - YEbh” _ (.06) (30x10 ) (.18) (1.5x10° )" _ .79 _ o o0
TEE 4 (7x10-1) 3 C13m T .
o 8FL_ (0) (58)(T) _ 244 _ g4 00 ps

bh? .13 (1.5x10%)% .2¢x107*

A-9 MISCELLANEOUS

The output shaft and shaft key were designed per the ASME code, based on an
allowable stress of 24,300 psi for AMS 5616 heat treated to R30-38.

The actuator base plate thickness was calculated to give a maximum deflection of
0.003 inch under the pressure differential of 650 psi. This deflection must be minimized
to maintain an adequate dynamic seal surface.

A first approximation was made of the natural frequency of the bellows and gimbal
ring configuration. A value of 50 cps was calculated. It is expected that the system
will be overdamped, due to the frictional action of the pickoff springs and the pumping
action of the bellows.

Various methods of analysis were employed to evaluate the orifice size required
to fill the bellows in the allowable time. Since each method of approaching the problem
required certain assumptions, no final method was evolved. It was generally agreed,
however, that an orifice diameter between 0.030 inch and a 0.040 inch would pass the
required flow rate of 4.75 in3/sec to give a no load output speed of 65°/sec. This
speed should be obtainable with room temperature nitrogen gas or with hydrogen gas
at -360°F.

An analysis was also made of the feasibility of replacing the bellows with pistons
and cylinders. The results indicated that a volumetric efficiency of 92% or better
(depending on gas temperature) could be obtained with a frictional power loss less than
0.1%. The inertial forces could be kept low, and the Hertz stress at the gimbal ring
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interface would be acceptable for a dry running environment. The use of pistons and
cylinders would be considered for high temperature or hydraulic fluid applications.

A-10 SCALING FACTORS FOR ACTUATOR DESIGN

The following equations and graphs are derived to provide first approximations of
the size and configuration of a pneumatic or hydraulic nutator actuator designed to pro-
vide any given output torque for a selected bellows pressure differential. The maximum
diameter of the actuator is determined by the gear reduction required, the gear stress
levels and/or the number of pressure elements employed.

No estimate is made of the actuator length, which is determined mainly by the
bearing load design and the complexity of the commutation circuit. Variations in length
can be considered to be small relative to diameter variations.

Strength of Straight Bevel-Gear

Teeth (Ref: Faires '"Machine Design")

From the Lewis equation:

_sbY
(F =P ) we get,

d
dF x> sg{dx where P dax is the diametral 0
pitch @dx.

Multiply both sides of equation by s

Serdx
rxde = P—dx = torque transmitted by gear = T

Also, the circular pitch (Pc) varies inversely as the diametral pitch, so that,

d L
P "L°P_ O Fax=Pa\x
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since 3L2 is small,

sYrb (L-b)

PdL

where s = endurance strength of material
Y = form factor based on virtual no. of teeth

T=

P q4° diametral pitch

Based on practice, the max face width (b) of a bevel gear should be 1/3 the cone distance
(L) or,

Also, from the geometry (See sketch)

For bevel gears, the diametral pitch is related to the virtual number of teeth (N ) by
the following expression,

Nv N r
Pd =-2—r-t-)- and since Nv= OB 7 and ry = co8 7
N
P d ™ 2r
Substituting these expressions into the torque equation,
L
T - SYrvlr L-b L-b_L-3 _2L _ 2
~ 8siny N L L L 3 3
45Y 3
'(9 sinyN) d (6)

LetK=(—28Y _\ and select typical values to establish a value for K.
‘9s8iny N



S = endurance strength of material = For 17-4PH (38-42Rc) Su = 190 ksi

thenS = § = .58 = 95 KSI.
n u

Y = Form factor (based on virtual number of teeth) for N = 150

_ 150 150 _
Nv “cosy  ,259 580

let ¥ = 75°, sin ¥ = .966, cos ¥ = .259
Y~ 0.54
N = 150

(4) (95x10°%) (.54) _ 157
(9) (.966) (150)

Then K =

Thus, for a typical gear set (having a transmission ratio of 150:1), equation (6) can be
rewritten as

3
T
Tmin = d 157 where T = transmitted torque (in-1b)
D r = pitch radius (in)
=79 D = pitch diameter (in)
3
T
or Dmin ~ Y20 (7)

A plot of Equation (7) is shown on the next page.

Considering Hertz's Stress in gear tooth, from Shiglay '"Machine Design", page 351,
1 1
0-7W( D1 + D2 W = tooth load (#) (8)
" bsingfl+ L E = mod. of elasticity
E1 Eog where b = face width of tooth
¢ = pressure angle
Dj1= pinion dia.
Do= gear dia.
First, assume that the gear and pinion are essentially the same dia. and made of the
same material, so that

o2

D;=Dg=Dand Ey =Eg=E
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Equation (8) becomes 02

~ 8
/2]
Q
ST -
5
—~ 6 -
8
) 5 Based on Modified Lewis Equation
A and the endurance strength of the
g 4 - material;
E 3 —\— e pum——— —
S, /
S 2 4 — -
& Based on Hertz Stress and
g1 4 the yield strength of the
E material,
200 400 600 800 1000

Outputr Torque (T) -, (in,-1h.)

_0TWE
“bsing D (9)

Also, in terms of torque at the output shaft,

D o1
T = rwW = 2 W OrW - D
let b~ &
Then, o2 -2:7(T6 E _ 8.4 TE
DD sin$ D D3 sin¢

3
Or D = J(8'42E

———7T
g sin¢)
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For 17-4PH (38-42RC), Sy = 175 K psi
E = 30x 109 psi
¢ = 20°, singp = .342

6 4

= 240x 107 ° = 0.024

Then K, =(3-4E )= 8.4 x 30 x 10

02s1n¢ 3.1 x 1010 x .34

3 3 T
And Dminz v.024 T = 20

Considering the relationship between shaft torque, pressure, and bellows (or piston)
location.

Output Torque = T = NTI (Fp siny ) rp sin

Where,
N = transmission ratio
N = overall efficiency
Fp= resultant force applied by bellows (or pistons)
¥ = nutation angle D
rp = radius @ which Fp is appliedz?
§ = "'separation' angle

If N = 150

n = 0.6
siny = y = .03 radians (approx. 1.5°)

sint = sin45° = 0.7

Then,
T

150 (.6) F, (.03)% (0.7)

or T

.63 FpD

The resultant force applied by the bellows can be expressed as,

Where Ap = pressure drop acting on bgllows (psi)
Ap = effective area of bellows (in2)
n = No. of bellows pressurized at any time.
Then

T = .63 ApApnD
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Since the torque output is directly proportional to the bellows area, let the bellows
area be equal to 1in2. Also, let the total number of bellows be eight and the number
pressurized ( fi ) be four. Then,

T
T =~ 2.5 ApD or D = 2.5 ap (10)
A plot of equation(10)is shown below.

12 _J NOTE: Divide diameter D by the
actual effective bellows
area. This plot is based
on an effective bellows

510 - area of 1 in,2.
5
o) 8 -
)
=]
O
w 6 S
2
=
]
m
i 4 -
[
2 -
0 L] T T ) T L) L] T 1 1 T 1 1
0 200 400 600 800 1000

Torque Output (T), (in.-1b.)
For hydraulic powered applications, the pressures will be higher - thus permitting
smaller values for effective piston area (Ap). Let,

A = 0.1 in2 n = 4 (8 piston unit)

Then

T ~.254pD or D = (—) (11)
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A plot of equation(11)is shown below.

12 4
| NOTE: This plot is based on an effective
10 piston area of 0.1 in2, To find
) Dy, for any other effective area,
E Dh = D1 x A_.b
g 8
QA
(]
£
S 6 1
=
)
iz
A4
0
A
2 d T VT TS T2 TT T ST
M1n D1a based on spacing 8-3/8" dia. plStOfV/
0 L0

1000 2000 3000
| T = Torque Output (in.-1b.)

When estimating the size of a complete actuator-motor, it will be necessary to add one
piston or bellows diameter plus housing allowance onto the diameter obtained from these
curves, This will give a good approximation of the overall diameter.
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Pressure element spacing: Based on eight units (bellows or pistons)

D = 8048 _ 555(d+s)

+
L

» | led
) /)
s
A o
© >
¢

fe—D—>

E’ 4 For § = 0.25" .

: ] (1 in.4 effective area) =%

a

3 3

g .‘&‘)’\ﬂe

O ‘}‘“

g

S 2- %7

i (0.1 in.2 effective area)

g

g 14

Q N

0 L) T T T T 1 T T T T & T //// .
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d = pressure-element effective dia. (in.)
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COMMUTATION CIRCUIT PLATE IDENTIFICATION



B-2.

B-3.

COMMUTATION CIRCUIT PLATE ORIENTATION

AND PRESSURE SEQUENCING INFORMATION

For purposes of identification, plate NPX-104-66 will be known as the bottom
plate of the assembly, and plate NPX-104-74 will be known as the top plate of the
assembly. Thus the top and bottom side of the individual plates and the assembly
are established. On the edge of each plate appears a number and arrow. The
number is the last number of the NPX designation. This number can be used to
identify the individual plates and correlate them with the drawings. The arrow on
the edge of each plate points toward the top of the plate. Unless otherwise speci-
fied, when the plates are assembled, the arrows should all point the same direction
and be in line with each other. This is illustrated in Figure B-1(a). Also, when
specifying a direction of rotation, it is specified looking downward on the plate or
plates, as illustrated in Figure B-~1(b).

For testing purposes, the plates will be stacked as follows, from bottom to top:

TYPE OF PLATE PLATE NO.
Test NPX-104-66
Commutation NPX-104-41
Test NPX-104-63
Commutation NPX-104-42
Test NPX-104-64
Test NPX-104-65
Commutation NPX-104-43
Commutation NPX-104-44
Commutation NPX-104-45
Commutation NPX-104-46
Commutation NPX-104-47
Test NPX-104-74-B
Test NPX-104-74-A

For shipping purposes, the plates will be stacked as follows, from bottom to top:
NPX-104-27, 41, 42, 43, 44, 45, 46, 47 and the back plate which will have to be
designed to 1ncorporate the pressure error valve and the directional amplifier.
Each plate used for testing shall be described individually below.

Test plate NPX-104-66 is identified as shown in Figure B-2, Taps 1 through 8
identify the pressure ports to the bellows. P; through P4 identify the position
pickoffs pressure ports.
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B-6.

B-17.

B-8.

B-9.

B-10.

B-11,

B-12,

B-13.

Commutation plate NPX-104-41 is the second plate and can be assembled in one
way only.

Test plate NPX-104-63 is assembled next. This test plate has pressure taps

which are available in order to read bias, supply, and selector signal pressures

for two opposed power vortex valves at a time. So that all the pressures in the
power valves can be read, the plate must be indexed. By indexing the plate 45° CCW
relative to plate NPX-104-41, two other power valves' pressure may be read. By
indexing the test plate 45° CCW with respect to plate NPX-104-41, position 2 is
defined. On the edge of plate NPX-104-63 there are markings denoting positions 2
through 4. When the position mark is in line with the arrows, the test plate is in
the marked position, as shown in Figure B-3(a) (position 1 is denoted by the arrow).
Shown in Figure B-3(b) is the letter designations of the pressure taps. Figure B-4
is a schedule of plate NPX-104-63 position and the pressures read from the
lettered taps. Figure B-5 describes the selector valves by number and letter
designations, appearing in the centers of the valves.

Plate NPX-104-42 is identified on the edge by number and arrow.

Plates NPX-104-65 and NPX-104-65 function as one plate. Therefore when plate
NPX-104-65 is rotated, plate NPX-104-65 should also be rotated the same amount.
The pressure taps in plate NPX-104-65 are lettered in a clockwise fashion.
Primed letters are used to eliminate confusion with those letters of plate NPX-104
-43, The position markings on plate NPX-104-65 appear on the top surface
instead of the edge of the plate. The position markings are the same as for

plate NPX-104-63 except that at any setting, plate NPX-104-65 taps gain access

to four selector valves' pressures. The pressure tap designations for plate
NPX-104-65 appears in Figure B-6. A schedule for the position and pressure

tap readings appears in Figure B-7. Position pickoff, left directional, and

right directional pressures are designated in Figure B-5.

NPX-104-44 is a flow transfer plate. It is marked on the edge for installation.

Plate NPX-104-45 is the position pickoff pressure distribution plate. Figure B-8
illustrates the distribution rings and designates them.,

Commutation plate NPX-104-46 is the plate which contains the supply plenums for
the power and selector valves.

Plate NPX-104-47 contains the distribution rings for the right and left directional
and the bias pressure. Figure B-9 designates these rings.

Plate NPX-104-74 is a cover test plate.
Figure B-10 indicates the pressure schedule for reading input, intermediate, and

output pressures. The X's designate high relative pressures and the 0's designate
low relative pressures.
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Top Pickoff
Orifices

To Bellows

Figure B-2. Plate NPX-104-66
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Plate NPX-104-63

Figure B-3(a). Plate Assembly Showing NPX-104-63 in Position 2

Figure B-3(b). Plate NPX-104-63 Showing Pressure Taps



Position Pressures Read

A B C D E F G H

1 2A 4D Bl S1 2C 4B B5 S5
2 (45° CCW) 1B 3A B2 Ss2 1D 3C B6 S6
3 (90° CCwW) 2B 4A B3 83 2D 4C BT 87
4 (135° CCW) 1C 3B B4 sS4 1A 3D B8 S8

NOTE: Any pressure designation beginning with a number is a selector
valve designation. The selector valves are shown in Figure B-5.

A prefix of S designates supply to the power valve numbered. (Ex:S1
designates supply to power valve 1).

A prefix of B designates bias to the power valve numbered. (Ex: Bl
designates bias to power valve 1)

Figure B-4. Positioning Schedule for NPX-104-63



Figure B-5. Selector Valve Designations
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Top, NPX-104-65

Figure B-6. Pressure Tap Letter Designations for NPX- 104-65




uonjisod deJ, aanssaxd °)-d 3an3tg

*(9anssoad [eUOTIOBIIP JYSII pue g SATBA J03JI9[9S SueawW qUHE °‘oInssaad JeuUOT}OdITP
1391 PUE Oy 9ATEA J0}I9[8S SUBOW (IAH "¢d danssaxd Jjoyord uonyisod pue Yz 9A[BA J0}09]3S SUBOW
6dvg 'xg) -aanssaad [omuod jo adAj ayj pue ATEA J0}I9[9S 3Y) N0 [[BD suoryeuldrsap xipad Iayjo [TV

*(VZ a4areA 01 A1ddns ayp ST vZ$ :XH) "9ArBA J0303[9S pajeulisop ay) o3 A1ddns sajouap x1oad § uy ALON

€das -- ass a@1de AIVI VeS @uvi fdvi €dde aIde de€S aude Qudl OIS -- 1do1 4
vdovy -- O¥S Q¥O¥ @Iae s -- édag Ydvy @¥vy V¥S dIvy qudg d3S qlde ¢dde g
€40¢ -- 0€S Q¥de @IAl dIs -- IdAl €dve auve VeS a@Ive audl dIs alidr lddr (4
vagy a1gy dyS qudy @¥oz 02 -- ¢dog Ydaar -- aFS @Iy A'Ive VeSs auve &dve I
d O N W I A o I H H g4 F a D =8 WV
sdeJ, axnssaxd uoryisod

B-9



B-10

Py Ring

"“ P 2 Ring

P3 Ring

P4 Ring

Figure B-8. Plate NPX-104-45




Right Directional

Left Directional

Power Valve Bias

Figure B-9. Plate NPX-104-47
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ENGINEERING SPECIFICATION

BELLOWS ASSEMBLY - PNEUMATIC NUTATING ACTUATOR-MOTOR

This bellows assembly is to be used in a cryogenic-nuclear environment to provide an
actuating force in a pneumatic mechanism. Following are the specific requirements.

1.0

2.0

3.0

4.0

5.0

6.0

7.0
8.0

9.0

Medium: Gaseous hydrogen at -350°F to +300°F.

Pressure Drop Across Bellows:

I.D. = P1 = 0-150 psig (full range)

0.D. = P9 = 0-50 psig (full range)

(P1-P2) = 70 psi (normal working pressure)
Bellows must withstand any combination of P1 and P2.

Nuclear Environment:

Component is exposed to high level nuclear radiation.

Effective Area: 0.435in.2 : 5%.

Bellows Assembly: End fitting dimensions per Specification Control
Drawing, Bellows assembly shall contain device for reducing P1 volume
(see suggested method on Specification Control Drawing) to a minimum.
If can is used, as shown, internal pressure is same as P2 in Paragraph 2.

Bellows Motion: Stroke: + 0.06 inch (about free length position)
Fill Time: 0.015 second (minimum)
Angular Displacement of Ends: + 1°8' each stroke

Life Expectancy: 50 x 106 cycles at -300°F (20.06 inch from null = 1 cycle.)

Spring Rate: 50 lbs./inch (maximum),

Material: Bellows assembly shall be corrosion resistant and compatible with
conditions listed in above paragraph.



ENGINEERING SPECIFICATION

TORSIONAL SCRAM SPRING - PNEUMATIC NUTATING ACTUATOR-MOTOR

This spring is to be used in a cryogenic-nuclear environment. Following are the speci-
fic requirements:

1.0

2.0

3.0

4.0
5.0

6.0

7.0

8.0

9.0

10.0

Environment: Hydrogen atmosphere at -350°F to +300°F,

Nuclear Environment:

Component is exposed to high level nuclear radiation.

Envelope: Spring must fit unto the envelope requirements as shown on the Speci-
fication Control Drawing.

End Fittings: End fittings shall be as shown on the Specification Control Drawing.

Installed Torque: The torque supplied by the spring in the installed position shall

be 50 inch-pounds (+ 5%).

Deflection: The spring shall deflect 180 degrees (maximum) during operation.

The torque supplied by the spring shall increase as the spring is
rotated from the installed position.

Spring Rate: The spring rate shall be 4 in-lbs./rad. (maximum).

Operating Life: The minimum operating life shall be 10,000 cycles of 0-180°-0
at any temperature between -300°F and +300°F.

Weight: The weight of the complete spring shall not exceed 1.3 pounds.

Material: The spring shall be corrosion resistant and compatible with the con-
ditions listed in the above paragraph.




ENGINEERING SPECIFICATION

DYNAMIC SEAL - PNEUMATIC NUTATING ACTUATOR - MOTOR

This seal is to be used in a cryogenic-nuclear environment to seal gaseous hydrogen.
Following are the specific requirements:

1.0
2.0

3.0

4.0
5.0

6.0

7.0

8.0

9.0

10.0

Medium: Gaseous hydrogen @ -350°F to +300°F.

Pressure Drop Across Seal: (working pressures)

Seal 1.D.
Seal O.D.

P1
P2

0-650 psig
0-50 psig

Seal must withstand any combination of the P1 and Pg.

Nuclear Environment:

Component is exposed to high level nuclear radiation.

Seal Envelope: As shown on Specification Control Drawing.

Lubrication Available: None

Allowable Leakage:

For (P1 > P9): 0.001 1lb./sec. Hg (0.0037 lb./sec. N9) maximum
For (P2 > P1): 0.0001 lb./sec. H2 (0.00037 lb./sec. N9) maximum

Friction Torque: 15 in.-1b. maximum at any pressure drop specified in Para-
graph 2.0.

Shaft Motion: Angular Velocity: 0-360 deg./sec.

Angular Displacement: 0-180 deg.
Life: 300 hours @ 100 rpm @ -300°F @ 600 psid.

Mating Surface: To be specified by seal manufacturer.
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